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Summary and conclusions 
Mineral fibers/particles induced lung damages are among the most widespread 
and prevalent occupational lung diseases in the world. Most likely as a consequence 
of the specific toxicokinetic properties of mineral fibers/particles such as, durability, 
specific fiber dimensions, chemical composition, surface properties and charge, 
disease may even progress after exposure has ended. Despite the world-wide diversity 
of mineral-rich areas and in the structure, physicochemical properties and related 
application of these minerals, they all share the probibility to become airborne and 
eventually be inhaled. 
Deposition of inhaled mineral fibers/particles in the lung is primarily dependent 
on size, shape and particle density, as well as on individual lung morphology and 
physiology. Generally, large particles (> 10;<m) will be filtered out of the inhaled 
airstream by the aerodynamic filters of the respiratory treat, whereas smaller particles 
are deposited in the tracheobronchial tree or alveoli. In the upper airways, dust 
particles are cleared by the mechanism of sneeze and cough, or by the mucocilliar 
escalotor and uUtimately be swallowed. In the alveolar region, the majority of the 
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; particles are ingested by phagocytotic cells such as alveolar macrophages (AM). If 
the length of the particle is too large, "frustrated phagocytosis" may occur 
characterized by an incomplete phagocytosis. This has been shown to result in an 
activation of the AM and during its activation a wide range of products including 
reactive oxygen species (ROS), cytokines, growth factors etc. are released. A state of 
"particle overload" may occur if more particles enter the lung than are cleared from 
it due to impairment of AM clearance. Ultrafine particles are considered to cro.ss the 
epithelial barrier into the interstitium more readily and noteworthy, a relative low 
weight-dose of ultrafine particles may comprise a tremendous numerical dose. 
Occupational exposure to mineral fibers can cause pulmonary fibrosis (known 
* 
as asbestosis), benign pleural changes, lung cancer and malignent mesottielioma. 
Inspite of extensive research in this direction, the mechanism(s) by which mineral 
fibers cause these diseases is/are not fully understood. However, several studies have 
suggested that ROS play an essential mediating role in the pathogenesis of these 
diseases. Mineral fibers can induce ROS formation by atleast two different processes, 
in which (i) mineral fibers may augment ROS release by inflammatory cells and 
(ii) ferrous iron in fibers in the presence of hydrogen peroxide (II2O2) generates 
hydroxyl radicals (OH) via the Fenton reaction. 
The protection of cells against damage by ROS is accomplished through both 
enzymatic and non-enzymatic means. Glutathione (GSH), a tripeptide and the most 
prevalent nonprotein intracellular thiol present in high concentrations in almost all 
living cells, protects the cells against oxidative damage. GSH redox system enzymes 
provide a formidable protective shield against oxidative damage. GSH detoxify a 
variety of electrophilic exogenous toxicants and their reactive intermediates formed 
intracellularly either spontaneously or enzymatically. 
Summary and conclusions 
In the studies presented in this dissertation an attempt has been made to 
evaluate the cytotoxic, fibrogenic and carcinogenic potential of mineral 
fibers/particles in AM (phagocytotic cells), red blood cells (RBC) and lung tissue of 
exposed rats. The study was divided into five parts and is described in brief under the 
following heading. 
1. Cytotoxicity, prooxidant efTects and antioxidnnt depletion in rat lung alveolar 
macrophages exposed to ultrafine titanium dioxide 
In order to understand the pulmonary toxicity of mineral particle ultrafine 
titanium dioxide (UF-Ti02) various biochemical and chemical parameters were 
assayed. Single intratracheal exposure of UF-Ti02 (2mg/rat) after 1,4,8 and 16 days 
caused a significant increase in AM population. The maximum increase in the number 
of AM population was recorded on day 8th of exposure which occurred due to 
recruitment of AM as a major defensive cell for the put pose of clcai aiice of particles 
from the lung. A significant increase in the activities of acid phosphatase (AP) and 
lactate dehydrogenase (LDH) was observed in cell free lavage fluid throughout the 
period of exposure. The maximum increase in their activities was observed on day 8th 
of exposure. Increased activities of these enzymes could be correlated with the degree 
of cytotoxic capibility of UF-ri02. 
A significant generation of hydrogen peroxide (1 l2C^2)'" ^^ was observed on 
day 8th and 16th of exposure. The overloading of UF-'i i02 may activate a respiratory 
burst mechanism, leading to an increased production of H2O2. A significant and 
progressive increase in lipid peroxidation (LPO) was observed at different time 
intervals. The addition of NADPH and iron greatly enhanced the production of LPO 
in the exposed AM. The release of ROS could oxidi/e polyunsaturated fatty acid 
located in the plasma membrane resulting in the formation of breakdown product 
thiobarbituric acid reactive substances (TBARS) of LPO. 
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A significant increase in the activities of glutatliione redox enzymes in AM was 
observed. The maximum increase in the activities of glutathione peroxidase (GFx), 
glucose 6-phosphate dehydrogenase (O'OPD) and glutathione reductase ((JK) was 
50%, 55%, 40% respectively on day 8th. Whereas increase in the activity of 
glutathione S-transferase (GST) was m:uinnnn on day I6th ((i6%). I he increased 
activities of these enzymes showed an adaptive response against oxidative stress. 
While a significant and progressive depletion in the level of GSH was observed, 
the maximum decrease in GSH content was on day 16 in UF-Ti02 exposed rats. A 
decrease in ascorbic acid was also observed with maximum on day 16. GSH and 
ascorbic acid are important soluble antioxidants of mammalian lung defense and the 
decrease in the level further indicates oxidative stress. 
In conclusion the results indicate that these alteration in cellular enzymatic and 
non-enzymatic balance could not dimnish the enhanced IJ'O and the increased rate 
of H2O2 generation, suggesting that UF-ri02 exposure may have posed increased 
toxicity and oxidative stress in AM which may eventually, have led to pulmonary 
pathological changes. 
2. Activation ofnlvcoiar tnncrophngcs anil pcriphcrni red blood cells in response 
(o toxic nbcr/partlcic 
The cytotoxic and oxidative responses of these fibers/particles were measured 
by a single intratracheal exposure at one time point when inflammatory and fibrotic . 
reactions are in progress. Alveolar macrophages (AM) and red blood cells (RBC) 
were choosen to study the toxic potential of two types of mineral fibers viz. crocidolite 
and chrysotile and a mineral particle UF- Ti02. An increase in the number of AM 
population, followed by an increase in the activities of AP and LDI1 was noticed. The 
maximum increase was with crocidolite followed by chrysotile and minimum with 
UF-Ti02. The increase in AM population indicated defensive mechanism and an 
Summary and conclusiom 
' increase activities in AP and LDH, indicate damage to AM meinhrane. An increase 
in protein content in cell free lung lavage fluid may be due to leakage of internal 
constituents from the injured AM. 
A significant increase in LPO in AM and RBC was observed. An increase in 
H2O2 generation in AM was also noticed. These indicate oxidative stress due to 
excessive production of ROS. 
AJterations in the activities of antioxidant enzymes were observed both in AM 
and RBC of exposed animals. A significant inhibition in the activities of GPx and GR 
in AM was observed with crocidolite and chrysotile which was non-significant in case 
of UF-Ti02. The activities of GPx and catalase were also inhibited in RBC with these 
mineral fibers/particles. In the present studies the significant inflammatory responses 
seen in the RBC reflected the sme order of severity as those seen in AM and cell free 
lung lavage fluid : crocidolite > chrysotile > UF- Ti02. 
A depletion in soluble antioxidants namely (iSlI and ascorbic was also noticed 
in both AM and RBC. The depletion in their levels followed the similar pattern. Both 
GSH and ascorbic acid function directly in the destruction of ROS and their lower 
level indicates oxidative stress. The decreased level of GSI! in I^BC may be due to 
excessive release of ROS by AM in lung tissue which consumes GSH directly or 
indirectly via LPO. One month after exposure to mineral flbers the flrst cellular 
response is the accumulation of inflammatory cells at site of fiber deposition. Further 
an inflammatory cell reaction, accumulation of myofibroblasts and increased volume 
of interstial matrbc was also observed. In the case of UF-ri02 the inflammatory 
response as observed by histopathological changes appears to be nn'Id. 
The most significant finding of the present study is the toxic response of 
fibers/particles in the order of crocidolite > chrysotile > UF-Ti02 in both the systems. 
Summary and conclusions 
Crocidolite the most toxic and known carcinogenic fiber induces maximum toxicity 
and oxidative stress followed by chrysotile although the differences were not 
significant. On the other hand in comparison to both the mineral fil)cis, Ur-'li02 
induces far less toxicity and oxidative stress. 
3. Chrysotile fiber-mediated imbalance in the glutathione redox system in the 
development of pulmonary injury 
Rats were exposed to a nn'neral fiber namely chrysotile by a single intratracheal 
instillation (5 mg/rat). After 1, 4, 8, 16, 30, 90 and 150 days of exposure rats were 
assessed biochemicaly to ascertain the status of oxidative stress. At the initial stages 
of exposure when cytotoxic and AM defensive reactions have taken place, a gradual 
and progressive depletion in GSH level of AM was observed. This decrease In the 
GSH content is an early event in inflammatory response. A slight decrease in blood 
GSH was also observed. Ihe depletion of GSH in lung cytosol started from day 16 
and reaches maximum on day 150. The depletion in the GSH content may be one of 
the causative factor for the development of mineral fiber-induced pulmonary injury 
and cell proliferation. A depletion in ascorbic acid a soluble antioxidant was also 
observed throughout the period of exposure in lung cytosolic fractions. 
A significant increase In the activities of GPx, GR and GoI'D in the cytosolic 
fraction of the lung after chrysotile exposure was observed. The maximum induction 
in GPx was observed at day 90 (133%) and day 150 (129%). GR activity was 
significantly induced at all time intervals with a maximum on day 4 (103%). A gradual 
and progressive increase in the activity of G6PD was observed which reached 
maximum on day 150. The increased activity of GPx may be due to fast removal of 
ROS. Induction in the activities of GR and G6PD appear to be a defensive metabolic 
adaptation to mammalian GSH pool during initiation and progression of asbestosis. 
A decrease in the activity of GST may further deteriorate the situation. 
Summary and conclusions 
An increase in LPO was observed, wiiicli was significant and persisted 
throughout the period of exposure. This increase in LPO indicates oxidative stress 
imposed by chrysotiie fibers. 
Thus it may be concluded from the present study that the decrease in cellular 
GSH may serve as an early indicator of lung diseases, whereas increased IJ'O and 
enzymatic changes may give an insight into the proliferative and asbestotic stage of 
diseased animals. 
4. N-acetylcysteine attenuates oxidant-mediated toxicity induced by chrysotiie 
fibers 
Induction of oxidative stress by asbestos is one of the major cause of its 
pathogenicity as reported by several authors and also in the present study. Further, 
a significant and progressive increase in H2O2 generation and 1 BARS was also 
observed. This indicate oxidative stress imposed by these fiber. Depletion in the level 
of GSH and alteration in the activities of antioxidant enzymes i.e., GPx, GR and G6PD 
regulating oxidative tone indicate oxidative stress. 
A study was, therefore, initiated by supplementing N- acetylcysteine (NAC) a 
precursor of GSH to see its effect on asbestos induced oxidative stress. 1 he uriimals 
exposed to chrysotiie received 50mg NAC/Kg body weight by ip route daily and were 
sacrificed after 1,4,8 and 16 days. It was observed that administration of NAC in 
chrysotiie exposed animals caused a significant decrease in H2O2 generation on day 
8t|^  (22%) and day 16th (26%) and decreased in the production of TBARS in cellular 
fraction on day 8th (24%) and 16th (31%) and in acellular fraction on day 16th (27%) 
in comparison to chrysotiie exposed animals. A significant recovery in GSH content 
was observed after administration of NAC in both the system at a latter stage. After 
administration of NAC to chi7sotile exposed animals the activity of GSH redox 
enzymes showed a trends towards attaining normal basal activity. In this preliminary 
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study NAC may be protecting the cells against oxidative damage induced by chrysotiie 
fibers. This protection may be due to its ability to maintain intracellular GSH 
level/oxidant scavenging capibility. Further detailed studies in this direction are 
needed. 
5. Prolonged toxicity in experimental animals exposed to crocidolite and 
chrysotiie and mineral particle ultrafine titanium dioxide 
After seven months of a single intratracheal instillation with mineral fibers viz, 
crocidolite and chrysotiie and mineral particle UF-Ti02 to rats, an Increased lung 
weight indicating fibrosis was observed. Ihe level of collagen, sialic acid and 
hexosamine content was found to increase maximum with crocidolite followed by 
chrysotiie and minimum with UF-Ti02. The accumulation of collagen indicates that 
the fibrosis has set in which may eventually harm the functional activities of the lung. 
Both sialic acid and hexo.samine a muccopolysaccride were also increased which also 
support the development of pulmonary fibrosis. A significant increase in IHARS was 
observed in lung microsomes and red blood cells of exposed animals. The 
enhancement of LPO indicated increased oxidative stress. 
A decrease in the level of soluble antioxidants namely GSII and ascorbic acid 
with mineral fibers/particles in lung cytosol and RBC was observed. The decrease 
was more pronounced in lung cytosol with maximum with crocidolite followed by 
chrysotiie and minimum with UF-Ti02. The decrease in the level of ascorbic acid 
followed the similar pattern. Thus, the significant depletion in the levels of the.se 
antioxidant in the fibrotic lungs suggest that the mineral fibers/particles-induced 
oxidative stress, damage the antioxidant defense of the lung and the lung fails to 
protect itself against the development of fibrosis. 
Summary and conclusions 
An alteration in primary and secondary antioxidant enzymes in the lung cylosol 
and RBC of exposed animals was observed. A sigin'ficant increase in llic activities of 
OPx, GR and GbVD was observed in the lung cylosol compared to llicir icspective 
control. The observed increase in the activities of GFx, GR and GUVD may be 
defensive and an adaptive response due to burden by mineral fibers/particles. An 
increase in the activity of G6FD and decrease activity of catalase was noticed in RliC, 
The pattern of increase/decrease was maximum with crocidolite followed by chrysotile 
and UF-TiOz. These alteration in antioxidant enzymes in RBC reflected the 
exaggerated production of ROS in the lung. 
An alteration in pulmonary drug metabolizing enzymes in lung microsomes and 
cytosolic fractions of exposed animals was also observed as compared to control. A 
significant increase in the activities of epoxide hydrolase (EH), Benzo(a) pyrene 
hydroxylase and cytochrome P-450 content were observed with mineral fibers and 
comparatively less with UF-TiOz particle. The induction of EH, berizo (a) pyrene 
hydroxylase and cytochrome P-450 may further aggravate the situation. This may 
produce more reactive metabolites in the target tissue and, therefore, increase the 
possibility of higher adduct formation with the biological macromolecules, while a 
significant decrease in the activity of GST was observed only with crocidolite and 
chrysotile. The decrease in the activity of GST may in turn result in the retention of 
various lipophilic carcinogens in the lung which may additionally be involved in the 
carcinogenic response induced by mineral fibers/particles. 
It may be concluded from the present study that in comparison to mineral 
fibers namely crocidolite and chrysotile, UF-Ti02 particles are less fibrogenic, induce 
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less oxidative stress and alter the xenobiotic metabolizing enzyme system of the lung 
to a lesser extent. 
Conclusions 
These studies suggest that the mineral fibers/particles, produce oxidative tone 
resulting in enhanced oxidative stress in the system. The result further indicate that 
GSH depletion and alterations in GSH redox enzyme system plays a crucial role in 
the toxicity of mineral fibers. Nutritional supplementation of N-acetylcysteine a 
precursors of GSH may help exposed population against toxic manifestation of 
mineral fibers. 
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Preface • • • 
III 
Environmental and occupational exposure to particulate air pollutants is 
associated with adverse health effects. Among these occupational air pollutants toxic 
fibers, like asbestos and ultrafine particles, like titanium dioxide are known pulmonary 
toxicants. Their inhalation is associated with lung inflammation, fibrosis and various 
types of malignancies. The exact mechanism(s) of their pathogenecity inspite of a 
large number of studies is/are still obscure. Most of the studies revealed that the 
cytotoxicity of these fibers/particles is due to generation of reactive oxygen species. 
The pulmonary alveolar macrophages, the defensive cells in the process of clearing 
these solid fibers/particles get activated and release reactive oxygen species and 
growth factors. The amount of reactive oxygen species and growth factors released 
depends upon size, shape, physical and chemical properties and durability of the 
fiber/particle. These reactive oxygen species are responsible for inducing oxidative 
stress in the system. 
Further several studies showed that depletion of glutathione occurs in target 
cells exposed to toxic fibers/particles. Glutathione redox cycle is considered a major 
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source of protection against oxidant stress and several interrelated pathways of 
antioxidant system appear to be an important part of the cell defense system against 
reactive oxygen species. 
Therefore in this dissertation a systematic approach has been made and a series 
of m vivo experiments were performed by using different mineral fibers/particles to 
study the role of glutathione and its redox enzyme system. Further In this dissertation 
an attempt has been made to evaluate the cytotoxic, fihrogenic and carcinogenic 
potential of mineral fibers/particles in rat lung. Ihis dissertation also describes the 
protective role of N-acetylcysteine a precursor of glutathione in fiber induced lung 
toxicity. 
The results of the present investigation throw further light on the toxic behaviour 
of fibers/particles in the target tissue. It appears that reactive oxygen species along 
with the depletion in glutathione trigger a cascade of reactions responsible for the 
pathogenecity of these fibers/particles. 
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Review ofliteratwt 
Historical Aspects 
Since times immemorial man had realized that the earth crust was rolling in 
minerals and ores to create tools and pottery and ceramics, or to construct buildings. 
Among the various minerals found on earth, silica is the most abundant. Other 
minerals include limestone (e.g. marble, dolomite), coal (e.g. anthracite, graphite), 
asbestos fibers and clay (e.g. kaolin or china clay, mica). Silica is present in graphite, 
feldspar, sandstone and shale. Natural silica may occur as a-quartz, cristoballite and 
tridymite. According to Pooley, Pliney was the first author to use the word "asbestos" 
to refer to a fibrous mineral. The word is of Greek derivation, and means 
"inextinguishable" or "unquenchable", a meaning somewhat opposite of its true nature 
of being incombustible. Asbestos was used as a cremation cloth in 445-425 B.C., and 
the Romans (30 B.C. and 175 A.D) used asbestos in the wicks of lamps. Marco Polo 
recorded that asbestos was used by Tartars in the Khanate Province of Ghinghintalas 
during the Yuan Dynasty. Chevalier Jean Aldini (1762-1834) used asbestos cloth to 
make a fire-resistant suit. 
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The commercial production of asbestos did not begin until nineteenth century. 
Between 1710 A.D. and 1720 A.D., asbestos was discovered in the Ural Mountains of 
Russia, and a variety of asbestos products were made in factories operated during the 
region of Peter the Great. The products produced included textiles, socks, gloves, and 
handbags. The first commercial use of asbestos originated in Italy in approximately 
1810 A.D. There was a great demand for asbestos in England and the United States, 
which led to rapid development of mines near Danville and Thatford Mines. 
Mineralogy and Definition 
The word "asbestos" is defined in Webster's Medical Dictionary as "a mineral 
that readily separates into long flexible fibers suitable for use as non-combustible, 
non-conducting, chemically resistant material". With such properties it is not 
surprising that asbestos has been used as a "magic or a miracle mineral". Practically 
speaking, asbestos is best thought of as a generic term applied to a group of silicate 
minerals with a fibrous crystalline structure that have among their properties a high 
tensile strength, resistance to heat, high aspect ratio (length-to- width ratios), and 
resistance to many chemicals. Asbestos is sometimes simply defined as a group of 
fibrous hydrated silicate minerals with high aspect ratios. The several minerals 
constituting "asbestos" vary in fiber size, crystal structure, and chemical composition. 
They share what mineralogists sometimes refer to as an asbestiform "habit" in that the 
minerals crystallize into bundles of thousands of flexible fibrils that look like organic 
fibers. Terms that are sometimes used to describe asbestos or similar minerals include 
fiber, fibrous asbestiform, and acicular. The term fiber resembles an organic fiber; 
the term fibrous is used to describe a crystallization habit in which the mineral appears 
to be composed of fibers. "Asbestiform" is defined as a special fibrous habit in which 
the fibers have a higher tensile strength and flexibility than crystals in other parts of 
the same mineral; asbestiform is generally synonymous with fibrous, or sometimes is 
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meant to mean "like asbestos"; and acicular" refers to a crystal that has a needle-like 
form. 
Identity: Physicochemical Properties of Minerals Fibers 
Asbestos is a collective name given to minerals that occur naturally as fiber 
bundles and possess unusually high tensile strength, flexibility, and chemical and 
physical durability. Mineral fibers in ore are not respirable until released and made 
airborne during mining and processing. The properties usually attributed to asbestos 
as controlling both its stability in the environment, and its biological behaviour, 
include fiber length and diameter, surface area, chemical nature, surface properties, 
and stability of the mineral within a biological host. The family of asbestos minerals 
can be subdivided into serpentine and amphibole fibers (Fig. 1). 
Serpentine group mineral-chrysotile 
Chrysotile, which accounts for over 90% of the world's production of asbestos, 
is the most common serpentine fiber. Chrysotile is a sheet silicate, composed of 
planar-linked silica tetrahedra with an overlying layer of brucite. The silica-brucite 
sheets are slightly warped because of structural mismatch, resulting in the propagation 
of a rolled scroll that forms a long hollow tube. These tubes form the composite fiber 
bundle of chrysotile. Some trace oxides are always present as a result of contamination 
during the formation of the mineral in the host rock. 
Chrysotile fibrils are long, flexible, and curved, and they tend to form bundles 
that are often curvilinear with splayed ends. Such bundles are held together by 
hydrogen bonding and/or extrafibril solid matter. Chrysotile fibers naturally occur in 
lengths varying from 1 to 20 mm, with occasional specimens as long as 100 mm. 
Amphibole group minerals 
The amphibole minerals are double chains of silica tetrahedra, cross-linked with 
bridging cations. The hollow central core typical for chrysotile is lacking. Magnesium, 
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iron, calcium, and sodium have been reported to be the principal cations in the 
amphibole structure. 
Crocidolite 
2 + 
In crocidolite iron can be partially substituted by Mg within the structure. 
Typical crocidolite fiber bundles easily disperse into fibers that are shorter and thinner 
than that of amphibole asbestos fibers similarly dispersed. In comparison to other 
amphiboles or chrysotile, crocidolite has a relatively poor resistance to heat, but its 
fibers are used extensively in applications requiring good resistance to acid. 
Crocidolite is usually associated with organic impurities, including low levels of 
polycylic aromatic hydrocarbons such as benzo(a)pyrene. Around 4% of asbestos 
being mined at present is crocidolite. 
Amosite 
Amosite fibrils are generally larger than those of crocidolite, but smaller than 
2+ 2 + 
particles of anthophyllite asbestos. The Fe to Mg ratio varies, but is usually about 
5.5:1.5. Most amosite fibrils have straight edges and characteristic sight-angle fiber 
axis termination. 
Anthophyllite 
Anthophyllite asbestos is a relatively rare, fibrous, orthorhombic, magnesium 
iron amphibole, which occasionally occurs as a contaminant in talc deposits. Typically, 
anthophyllite fibrils are more massive than other forms of asbestos. 
IVemolite and actinolite 
The other fibers include tremolite asbestos, a monoclinic calcium-magnesium-
amphibole, and its iron subsfituted derivative, actinolite asbestos. Both rarely occur 
in the asbestos habit, but are common as contaminants of other asbestos deposits; 
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actinolite asbestos occurs as a contaminant fiber in amosite deposits and tremolite 
asbestos as a contaminant of both chrysotile and talc deposits. Tremolite asbestos 
fibrils vary in size but may approach the dimensions of fibrils of those of crocidolite 
and amosite. 
Uses 
Asbestos is attractive to industry because of its resistance to heat and chemicals, 
high tensile strength, and lower cost compared to man-made minerals. Asbestos is 
incorporated currently into cement construction materials (roofing, shingles, and 
cement pipes), friction materials (brake linings and clutch pads), jointing and gaskets, 
asphalt coats and sealants, and other similar products. As a result of these applications, 
an estimated 20% building including hospitals, schools, and other public and private 
structures contain asbestos-containing materials (ACM). Asbestos in building does 
not spontaneously shed fibers, but physical damage to ACM by decay, renovation, or 
demolition can cause release of airborne fibers. 
Health Hazards Associated with Exposure to Mineral Fibers 
Occupational exposure to mineral fibers can cause different types of diseases 
namely: asbestosis, lung cancer, mesotheliomas of the pleura, pericardium, and 
peritonium and benign changes in the pleura (Mossman and Gee, 1989). A general 
representation of the mechanisms by which mineral fibers induce pulmonary disease 
is shown in Fig. 2. 
Asbestosis 
The cellular and molecular basis of asbestosis has been recently reviewed by 
Rom et al (1991). Mineral fibers are initially deposited in the region of respiratory 
bronchioles and alveolar ducts. This is followed by rapid accumulation of alveolar 
macrophages (AM) in the areas, which phagocytose the mineral fibers. Tliis causes 
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the activation of the AM that release certain lysosomal enzymes and cytokines, 
resulting in an intense inflammatory response that eventually leads to fibrosis 
(Hartman, 1985; Spurzmen et al, 1987; Dubois et al, 1989; Lemaire et al, 1986). The 
AM produce a variety of substances, including fibroblast growth factor, that appear 
to stimulate fibroblasts to produce collagen, resulting in fibrosis. Asbestosis is 
characterized by a history of exposure to fibers and interstitial pulmonary fibrosis 
manifested by dyspnea, cough, late-stage finger clubbing with cyanosis and ultimately 
right-sided heart failure. Radiologically, the features are those of other interstitial 
fibrosis namely, fine-to-coarse irregular opacifications that are initially basal and 
irregular linear shadows. A formal classification of asbestosis, developed on the basis 
bf size and profusion of lesions, permits some interobserver standardization 
(American Thoracic Society, 1986). However, lung function tests remain essential in 
the detection and assessment of impairment. Diminution of vital capacity, residual 
volume, functional residual capacity, and commonly, low values for diffusing capacity 
are the general hallmarks of restrictive lung disease. Perturbations of lung function 
caused by obesity, however, must be considered. The first manifestation of asbestosis 
may involve either radiologic or functional features, but ultimately both become 
abnormal, and hypoxemia develops. Small, irregular opacities seen on radiography, a 
common and minor features of asbestosis, are more evident in asbestos workers who 
smoke (Weiss, 1984). Classical pathology reports show that asbestosis develops in the 
terminal bronchiolar region (Craighead et al, 1982). Data from a sheep model of 
asbestosis and from mineral fiber workers indicate that small air-way dysfunction that 
is related to exposure to fibers as opposed to cigarette smoke is minor and clinically 
unimportant (Begin et al, 1986; Begin et al, 1987; Churg et al, 1985). 
Some interesting studies have advanced our understanding of the pathogenesis 
of asbestosis. First, AM obtained from mineral fibers workers by lavage spontaneously 
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hypersecrete tissue injury oxidants, AM-derived growth factors and fibronectin (Rom 
et al, 1987). The latter two mediators synergisticaiiy promote the repUcation of 
fibroblasts, a prerequisite for fibrosis. Robinson et al (1986) had shown a neutrophil-
eosinophil alveolitis in patients with asbestosis and elevated numbers of both types of 
cell in bronchoalveolar lavage fluid in these patients. The proportion of neutrophils 
recovered was correlated with the duration of exposure to mineral fibers. Neutrophils 
release a coUagenase that is not inhibited by a\- antiprotease and that conceivably 
induces lung injury (Gee and Lwebuga-Mukasa, 1984). The emphasis on neutrophils 
and eosinophils, in addition to macrophages, as inflammatory mediators of the 
fibrosing alveolitis of asbestosis suggests possible therapies. For instance, colchicine 
decreases the production in macrophages of a fibroblasts growth in vitro and 
quinacrine decreases the flux of neutrophils into alveoli in rats in which silica is 
instilled (Rennard et al, 1984; Mikes et al, 1987). 
Lung cancer 
The association between exposure to various types of mineral fibers and 
bronchogenic carcinoma has been demonstrated in a number of occupational settings 
(McDonald and McDonald, 1987), Lung cancers are tumors, arising in 
tracheobronchial epithelial or alveolar epithelial cells. The average latency period of 
the disease, from the time of first exposure to fibers, ranges from 2U to 30 years. The 
degree of association varies with the type of mineral fiber, fiber morphology, 
concentration, exposure regimen, and cofactors such as smoking habits or the 
presence of certain other chemicals in the work place, but there is usually a 
dose-response relation (fiber per cubic centimeter of air times the number of year of 
exposure). Lung tumor is rare among mineral fiber workers who do not smoke, 
although early epidemiologic studies indicated that the effects of mineral fibers and 
smoking combines in a multiplicate fashion to produce lung cancer (Saracci, 1977). 
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Several considerations are relevant to the question of the possible contribution 
of environmental mineral fibers to lung cancer among members of general population. 
First, the numbers of coated mineral fibers (ferruginous bodies) in the lungs of 
persons with and without lung cancer are comparable (Churg and Warnock, 1979). 
Second, the correlation between the incidence of plaques (an indicator of mineral 
fiber exposure) and the increased risk of lung cancer is variable, weak, and 
inconclusive (Haber et al, 1987; Bateman and Benator, 1987). 
Mesothelioma 
Mesothelioma arises in the pleural and the peritonial cavity of the lung. Mineral 
fiber exposure does not cause localized benign, fibrous mesothelioma. In contrast, 
approximately 80 percent of diffuse malignant mesotheliomas occur in men exposed 
to mineral fibers in the workplace and sometimes in their family members or in 
persons who live near mines. Diffuse malignant mesothelioma is a fatal tumor arising 
from mesothelial cells or underlying mesenchymal cells in the pleura, pericardium 
and peritonium. The time between diagnosis and initial exposure to mineral fibers 
commonly exceeds 30 years. Smoking evidently does not enhance risk of 
mesothelioma in these workers (Mossman and Gee, 1989). Patients with malignant 
mesotheUoma may be asymptomatic at first, but they often have dyspnea or chest pain 
with pleural fluid of variable mobility (Atman and Corson, 1985). Pleural thickening 
or interstitial fibrosis is apparent on chest films in approximately 20 percent of the 
patients, and CV scans reveal calcifications of the tumor mass in almost half (Grant 
et al, 1983). Since malignant mesotheliomas vary histologically, ranging from 
epithelial to sarcomatous and mixed forms, diagnosis by microscope is difficult. The 
tumors may be confused with those of metastatic cancer or, less conuuonly, with 
inflummutory or reactive processes, including exuberant mesotiiellu! hypcrplusiu. 
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When the tumor appears in a glandular or tubulopapillary pattern, it may he 
misdiagnosed as a metastatic adenocarcinoma. 
Titanium dioxide 
Titanium dioxide (Ti02) is a white, tasteless powder. It exits in three crystalline 
forms; anatase, brookite and rutile. Ultrafine (UF-Ti02) is by far the most important 
titanium compound. Because of its small size, extreme whiteness and brightness, as 
well as its high index of refraction, UF-Ti02 is extensively used as white pigment 
primarily in surface coating such as paints, lacquers, and enamels. It is estimated that 
over half of all non-permanent white or light- coloured surface coatings include a Ti02 
level of 0.1-0.3 kg/litre. Over 17 percent of Ti02 is used in paper coatings as well as 
paper filter to improve opacity, brightness, and printability. The third largest and 
apparently fastest growing application of Ti02 's in the plastic industry, because of its 
resistance to degradation by ultraviolet light, high refractive index, whiteness, and 
chemical inertness. 
In addition, Ti02 is used in ceramic capacitors and electromechanical 
transducers, welding-rod coatings, and in the production of glass fibers. Miscellaneous 
applications of Ti02 pigment and other titanium compounds include the production 
of floor coverings, mainly of the synthetic resin types, rubber tyres, porcelain enamels, 
inks, wall coverings, artificial leather, oil cloth, upholstery materials, and other coated 
fabrics. Ti02 is also used in the production of titanium carbides. To a much lesser 
extent, Ti02 is used as a colour additive in the confectionery and dairy industries. 
The pulmonary clearance of the UF-Ti02 is slow due to an altered 
biopersistence in both the alveolar space and in the pulmonary interstitium. A large 
fraction of the UF-Ti02 is translocated to the pulmonary interstitium where it is 
retained for a longer time (Oberdorster et al, 1994,1997). For dissolution of UF-Ti02 
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particles in lung tissue, the pulmonary clearance of these particles are solely 
dependent on physical/chemical processes (Fig. 3). Several previous studies have 
shown that a large load of highly insoluble particles in the alveolar space results in 
severe retardation of AM-mediated particle clearance (Muhle et al, 1990). ITiis 
phenomenon was referred to as "particle overload", indicating an overloading of the 
AM by phagocytized particles with subsequent impairment of their clearance 
function. 
Toxicokinetics 
Inhalation exposure 
When mineral fibers are inhaled, many are deposited on the epithelial surface 
ofthe respiratory tree. The number offihers that are deposited and the location within 
the airway where deposition occurs, is a function of the aerodynamic properties of the 
fibers. For typical fibers of chrysotile, amosite, and crocidolite, about 30% to 40% of 
all the fibers in inhaled air are retained, with most of these (about 60%) being 
deposited in the upper airways (nose, throat, trachea) (Evans et al, 1973; Morgan et 
al, 1978). The fibers in the upper airway consist mainly of relatively thick fibers 
(greater than about 3 ;im) with thinner fibers being carried deeper into the airways 
(Timbrell et al, 1982). Most fibers deposited into the airways are removed from the 
lung by mucociliary transport or by AM, but a small fraction remain in the lung for 
long periods (Jones et al, 1988). In addition, some fibers pass from the lung to the 
pleura, although the precise mechanism of transport is not known (Hillerdal, 1980; 
Rudd, 1980). Those fibers that enter the lymph are presumably able to reach other 
tissues of the body. This is supported by the finding of Auerbach et al (1980) that 
people with high levels of mineral fibers in the lung (measured as asbestos bodies) 
also had asbestos bodies in the lung, kidney, heart, liver, spleen, adrenals, pancreas, 
brain, prostrate, and thyroid. 
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Mineral fibers are not metabolized in the normal sense of word, and amphibole 
fibers which are retained in the lung do not appear to undergo any significant change 
(Carter and Taylor, 1980; Roggli et al, 1987). However, chrysotile fibers appear to 
undergo some type of breakdown or alteration in the lung. This conclusion is based 
primarily on measurements of asbestos levels in the lung as a function of exposure 
duration. While amphibole levels tend to rise linearly, chrysotile levels reach a steady-
state concentration within several months (Wagner et al, 1974). This data from animal 
studies are supported by a number of human studies in which the ratio of amphibole 
to chrysotile concentration in lung tissue was much higher than expected based on the 
composition of the inhaled fibers {Jones etal, 1980a, 1980b; Pooley, 1976; Stephens 
etal, 1987; Wagner ef a/, 1982,1986).The basis ofthis apparent loss of chrysotile fibers 
is not clear, but it may be related to slow dissolution of the fibers in the tissue fluid or 
in AM, or to separation of the fibers into much finer component fibrils (Jaurand et al, 
1984; Cook et al, 1982; Roggli et al, 1987). 
The principal pathway by which libers arc removed Irorn the lung is mucociliary 
transport. This is mediated by ciliated epithelial cells which move the layer of mucus 
coating the epithelial tissue upwards towards the throat, where it is swallowed. Fibres 
deposited in the mucus layer are carried along and are ultimately excreted in the faces 
(Cunningham e^  a/, 1976; Evans era/, 1973; Morgan era/, 1978). Clearance of the fibers 
from the upper airways is generally complete within a few hours (Bolton et al, 1983; 
Evans et al, 1973). However, clearance from the lower airways is slower, with half-
times ranging from 30-160 days (Morgan et al, 1978). This slow clearance is mediated 
largely by AM, which engulf fibers in the bronchioles and alveoli (which are not 
ciliated), and carry them to the ciliated portion of the airway for transport upward 
(Holt, 1974). AM may also translocate some fibers from the lung of the pleura (Holt, 
1983). Long fibers (in excess of 5 or lO^um) are cleared from the lower airways more 
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slowly than short fibers probably because long fibers cannot be easily engulfed and 
moved by single AM (Morgan e/ al, 1978; Roggli et al, 1987). Most inhaled fibers are 
ultimately excreted in the faeces, but small numbers of fibers penetrate through the 
epithelial layers of the lung and/or the gastrointestinal tract, and some of these fibers 
are excreted in the urine (Finn and Hallenbeck, 1984). in addition some fibers are not 
cleared from the lung, leading to a gradual accumulation with time (Jones et al, 1988; 
Wagner eM/, 1974). 
Oral exposure 
Most mineral fibers which are ingested are not absorbed across the 
gastrointestinal tract (Gross et al, 1974). However, electron micrographic studies 
indicate that some fibers penetrate into the gastrointestinal epithelium (Storeygard 
and Brown, 1977; Westlake et al, 1965). In addition, some fibers pass through the 
gastrointestinal wall and reach blood, lymph, urine and other tissues (Carter and 
Taylor, i980; Cook, 1983; Hallenbeck and Patel-Mandlik, 1979; Patel-Mandlik and 
Millette, 1983; Weinzweig and Richards, 1983). The mechanism by which mineral 
fibers pass through the gastrointestinal wall is not known with certainity, but 
Volkheimer (1974) noted that a wide variety of particles (e.g., starch granules, 
cellulose particles, pollen) can cross the gut by passing between (not Ihi ough) the cells 
of the epithelial layer in a process termed persorption and it seems likely that this 
may account for uptake of asbestos fibers as well. Available data are not sufficient to 
make a precise estimate of the fraction of the ingested fibers which pass through the 
gastrointestinal wall, but there is a general agreement that it is a very small amount 
(Cook, 1982; Sebastein e/a/, 1980; Weinzweig and Richards, 1983). 
Mineral fibers have been detected in blood and lymph of rats exposed to oral 
doses of mineral, suggesting that fibers penetrating the gut might be carried to tissues 
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throughout the body. In support of this, Pontefract and Cunningham (1973) and 
CXinninghamef a/ (1977) reported the presence of mineral fibers in lung, kidney, liver, 
brain, heart and spleen of rats that had been exposed to these fibers in the diet. No 
studies have been conducted regarding any changes in mineral fibers in the 
gastrointestinal tract per se. However, chrysotile fibers incubated in simulated gastric 
juice underwent leaching of magnesium ion from the silica framework, with a resultant 
change in net fiber charge from positive to negative, and chrysotile fibers with altered 
appearance and X-ray diffraction patterns were detected in the urine of animals 
(Seshan, 1983; Hallenbeck and Patel-Mandlik, 1979; Patel-Mandlik and Millette, 
1983). These observations, although limited, suggest that chrysotile fibers undergo 
some metal ion exchange and alterations in gross structure in biological fluids 
following oral exposure. 
Nearly all mineral fibers which are ingested are excreted in faeces. This is 
essentially complete within 48 hours following a single exposure dose (Gross et al, 
1974), Small number of fibers may be excreted in the urine, but this accounts for only 
a very small fraction of the ingested dose (Boatman et al, 1983; Hallenbeck and 
Patel-Mandlik, 1979). 
Reactive Oxygen Species (ROS) 
Reactive oxygen species (ROS) is a collective term used by biologists to include 
not only oxygen radicals (superoxide radical, 02^ and hydroxyl radical, OH) but also 
some derivatives of oxygen (O2) that do not contain unpaired electron such as 
hydrogen peroxide (H2O2), singlet oxygen (02). Among important radical species 
relevant to biological system are those derived from oxygen. They are generated 
physiologically during the course of normal cellular metabolism as well as during the 
diseased state or tissue injury. One of the mechanism for the generation of ROS 
involves a single electron donation to O2 resulting in the formation of superoxide 
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anion (O^). This process can occur both en2ymatically such as through xanthine 
oxidase, NADPH oxidase etc. and non-enzymaticaiiy such as by the leakage of 
electron through the mitochondrial transport system. Dismutation of two molecules 
of O2 either enzymatically or spontaneously produces dioxygen and H2O2. Addition 
of electron to oxygen-oxygen peroxide bond of H2O2 is catalyzed by transition metal 
cations, such as ferrous iron (Fe ^) in which iron is converted from Fe -» Fe 
state in a process known as Fenton's reaction (Heffner and Repine, 1989). There is 
a substantial evidence implicating ROS in the pathogenesis of various lung diseases 
including lung cancers, pulmonary fibrosis, adult respiratory distress syndrome, 
emphysema, chronic bronchitis, and pleural disease. 
Production of ROS can be facilitated by endogenous mechanisms involving 
specific cytokines such as tumor necrosis factor (TNF) and interleukin-1 (IL-1) or 
after respiratory burst by activated AM and neutrophils. ROS are produced 
intracellularly at various sites including mitochondria via ubiquinone and 
flavoproteins, microsomes via cytochrome P-450, peroxisomes, plasma membrane, 
nuclear membrane and cytoplasm via xanthine oxidase, aldehyde oxidase etc 
(Quinlanefa/, 1994). The most commonly recognized ROS besides 02^, OH, H2O2 
and 02. Toxic manifestations of ROS include DN A strand break, lipid peroxidation, 
alterations in enzyme activity due to disruption of active site and cliangc in the 
configuration of protein molecule and polysaccharide depolymerization (Fridovich, 
1981) (Fig. 4). 
Since ROS alter cellular morphology and functional integrity, cells have evolved 
complex strategies for protecting their vital components by detoxifying ROS to less 
reactive substances (Quinlanef a/, 1994). The protection of cells against damage from 
ROS is accomplished through both enzymatic and non-enzymatic means. The 
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antioxidant enzymes (AOE) are said to constitute the first line of defense against ROS 
attacic because of their capability to decompose the reactive oxygen species. 
Glutathione and Glutathione Redox Enzymes 
Glutathione (GSH), a tripeptide comprising of y-glutamic acid, cysteine and 
glycine (Fig. 5), the most prevalent nonprotein intracellular thiol present in high 
concentrations (0.5-10 mM) in almost all living cells (Meister, 1988). GSH is 
characterized by its reactive thiol group-SH and its y-glutamyl bond which makes it 
resistant to normal peptidase activity (Moldeus and Quanguan, 1987). These features 
of GSH are intimately associated with its diverse important functions including: 
(i) protecting cells against oxidative damage, 
(ii) Serving as an important component of the system that uses pyridine nucleotides 
to provide a reducing atmosphere essential for the integrity of cell membrane, 
(iii) Playing a key role in amino acid transport and multiple metabolic pathways such 
as the synthesis of proteins, nucleic acids and leukotrienes (Hammarstrom, 
1981; Meister and Anderson, 1983; Reed and Fariss, 1984). 
(iv) Regulating enzyme activation and immune response and acting as a reservoir of 
cysteine (Tateishi et al, 1977). 
(v) GSH is also proposed to be involved in the homeostasis and detoxification of 
metal ions in biological system (Kang and Enger, 1988; Freedman e/a/, 1989; 
Cjurdncr and bridovich, 1993). 
Reaction of GSH with oxidants converts it to either glutathione disulfide 
(GSSG), an oxidized form of GSH or to a mixed disulfide (RSSG) (Moldeus and 
Quanguan, 1987). The reduced glutathione/oxidized glutathione (GSH/GSSG) 
couple is the major buffer in the cell (Meister, 1988). Under normal physiological 
conditions, intracellular environment is highly reduced due to the GSH/GSSG couple 
lying predominantly in favour of GSH i.e. in the ratio of 30:1 to 100:1 (Hwang et al, 
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1992). Thus most of the cellular GSH (90%) is present in its reduced form while 
GSSG and RSSG constitute 5% each. The bulk of intracellular GSH is found in 
cytosol, but the existence of a minor mitochondrial pool of GSSII hns also been 
demonstrated (Moldeus and Ouanguan, I9H7). Approximately 10-20% of total 
cellular GSH in rat liver is sequestered in the mitochondrial matrix (Bellomo et al, 
1992), The size of this pool depends on cytosolic GSH synthesis and active transport 
of GSH into mitochondria via multicomponent system (Mederith and Reed, 1982; 
Martensson etal, 1990), GSH is present in various body fluids, including plasma, bile, 
glomerular filtrate and in the lung bronchoalveolar lavage fluid (BALF) (Moldeus 
and Quanguan, 1987; Cantin et al, 1989), 
Nature has provided cells with very strong biological antioxidant defense 
mechanisms. These include a variety of enzymatic and non enzymatic molecules with 
enormous capabilities to mitigate the deleterious and potentially harmful effects of 
ROS and other free radicals. One of the primary antioxidant defense mechanism is 
the GSH redox system. The enzymes of this system provide a formidable protective 
shield against oxidative damage. Alterations in any of their activities may ultimately 
result in diminished cellular integrity. 
One of the functions of GSH is to detoxify a variety of electrophilic exogenous 
toxicants and their reactive intermediates formed intracellularly either spontaneously 
or enzymatically. The enzymatic conjugation of these toxic substances by GSH is 
catalyzed by a group of cytosolic enzymes, glutathione S-transferases (Dawson d al, 
1984), The capacity of GSH to act as a reductant is prompted by the enzyme 
glutathione peroxidase which converts toxic peroxides to less toxic hydroxy 
derivatives. In this reaction GSH itself is oxidized to form GSSG (Fig. 6). 
Oxidized GSH (GSSG) is again reduced to GSH by another enzyme, glutathione 
reductase, which utilizes reduced nicotinamide adenine dinucleotide phosphate 
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(NADPH). NADPH is maintained in its reduced form by the enzyme glucose 
6-phosphate dehydrogenase of hexose monophosphate pathway (HMP) (Reed, 
1986). 
Glutathione peroxidase (E.C.1.11.1.9) 
Glutathione peroxidase (GPx) is a ubiquitous intracellular enzyme utilizing lipid 
peroxides as substrates and is relatively more active in lung in comparison to other 
tissues (Little et al, 1970; Chow and Tappel, 1972, 1973). GPx reduces toxic lipid 
peroxides to corresponding less toxic hydroxy fatty acids utilizing GSH as a cofactor. 
GSH acts as a reductant and is oxidized to form disulfide by the following reactions: 
H2O2 + 2GSH - GSSG + H2O 
Glutathione peroxidase can be divided into twt) forms, selenium (Se)-dependent 
Gl'x and Se-indepcndent GPx. Se-dependent GPx is a lelramer of molecular weight 
(MW) 84 kDa with very high activity towards both H2O2 and organic hydroperoxides. 
It contains one residue of selenocysteine per molecule at each active site and is found 
in both, cytosol (70%) and mitochondria (30%). Inhibitors of Se-dependent GPx 
include iodoacetate, cyanide and superoxide radicals (Blum and Fridovich, 1985; 
Ketterer et al, 1987). Rat lung contains both types of GPx enzymes (Lawrence and 
Burk, 1976; Jenkinsonef a/, 1980). However, approximately one third of the lung GPx 
activity is non selenium-dependent (Jenkinson et al, 1980). The maximum rate of 
GSH oxidation by GPx is 40/M moles/min/g liver (Griffith and Meister, 1979; 
Jenkinson et al, 1980). The enzyme fails to display saturation with respect to GSH 
concentration and thus the extrapolated Vmax is infinite (Griffith and Meister, 1979; 
Loeb et al, 1988). The lack of a definite Km value agrees with the observation that 
the apparent maximum velocity for infinite peroxide concentration is a linear function 
of GSH concentration. 
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Glutathione reductase (E.C 1.6.4.2) 
Glutathione reductase (GR) was initially identified in liver of various animals 
by Hopkins and Elliott (1931). 
The enzyme catalyzes the following reaction: 
GSSG + NADPH + H ^ - 2GSH + NADP^ 
The gene encoding GR is found on human chromosome 8p and 21.1 (McAlpine 
et al, 1988). The molecular weight of GR is about 120 kDa. There are two subunits, 
each with a flavin adenine dinucleotide (FAD) at its active site. The enzyme is found 
in the cytosol and mitochondria. One inhibitor of GR is 1,3-bis-chloioethyl-l-
nitrosourea (BCNU) (Ray and Prescott, 1975). 
Lopez and Lee (1979) showed that GR is inactivated upon reduction by its own 
electron donor, NADPH. The authors proposed that autoinactivation of GR by 
NADPH serves an important regulatory role. The activity of GR may reflect the 
physiological needs of the cell. For example, intracellular NADPH (40-50 fi M) 
inactivates GR in the absence of GSSG and decreases glucose metabolism via the 
HMP. Lung GR activity depends on availability of NADPH through HMP shunt 
which depends on glucose 6-phosphate dehydrogenase activity (Dunbar et al, 1984). 
Glutathione reductase is a cytosolic enzyme which might leak out of the injured 
cell. Elevated GR level in lung tissue have been observed following injury (Dunbar 
et al, 1984). The maximum rate of GSSG reduction by GR appears to be about 8-10 
/imoles/min/g liver (Soma et al, 1986). 
Glucose 6-phosphate dehydrogenase (E.C.I.L1.49) 
Glucose 6-phosphate dehydrogenase (G6PD), the first and the rate limiting 
enzyme of the HMP, provides reducing power in the form of NADPH (Veech et al, 
1969). This maintains GSH in its reduced form thereby allowing detoxification 
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reaction. Thus, G6PD is linked with the GSH redox cycles though in an indirect 
manner. The enzyme catalyzes the following reaction: 
Glucose 6-phosphate + NADP''"- 6-phosphoglucolactone + NADPH + H"^  
The native human erythrocyte G6PD exists in rapid equilibrium between a 
tetrameric (MW 210 kDa) and a dimeric (MW 105 kDa) form in the pH range 7-8 
and ionic strength 0.1 (Kerns, 1975). The activity of G6PD is inhibited by its product 
NADPH. Inhibition of G6PD is nearly complete at a NADPH/NADP ratio greater 
than 9 (Derney et al, 1973). The enzyme is inhibited by metal chelating agents, 
especially by sulfhydryl inhibiting agents such as p-chloromercuribenzoate and steroid 
hormones (Kerns, 1975). Studies of Dunbar ef a/ (1984) showed that lung GR activity 
depends on iimnediate provision of NADPH via G6PD activity. Oxidant injury 
increases the G6PD activity levels in activated AM (Vijeyaratnam and Corrin, 1972). 
G6PD is histochemically evident in alveolar type I cells which appear to be most 
vulnerable to oxidant injury (Dunbar ef a/, 1984; Kerns, 1975). The maximum rate of 
NADP^ reduction to NADPH by the HMP shunt in liver appears to be about 1-2 
^moles/min/g liver (Waydhas, 1978). 
Glutathione S-transferase (E.C.2.5.1.18) 
One of the major detoxification pathways involves the conjugation of xenobiotics 
with GSH. These reactions are catalyzed by the glutathione S-transferases, a 
multienzyme family resulting in the formation of soluble complexes that are generally 
more hydrophilic and less cytotoxic (Mannervik and Danielson, 1988). 
The role of glutathione S-transferase (GST) was originally observed in 
catalyzing the first step in the formation of mercapturic acid (Habig et al, 1974). This 
multienzyme family is composed of a dimer (MW 50kDa) with at least 7 different 
subunit forms and 8 isozymes. The intracellular distribution of GST is primary 
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cytosolic and mitochondrial (Sun, 1990). Various forms of GST are distinguisiicd liy 
Ihcir ability to conjugate differenl xcnol)ioticswithGSIi(llal)igda/, 1974). Human 
lung has two forms of GST with isoelectric pH of 4.9 and 9.2. Substrates for GST 
include carcinogens and their metabolites, pesticides, leukotrienes and cancer 
chemotherapeutic agents (Jakoby, 1978; Reeve et al, 1981; Singh et al, 1991). In 
addition to catalytic activity, GST isozymes chemically eliminate certain nonsubstrate 
ligands through non-catalytic binding (Chasseaund, 1979). Some forms of GST 
irreversibly bind with certain toxic carcinogens and their metabolites (Ketterer et al, 
1967; Partridge et al, 1984; Mannervik and Danielson, 1988). It has been suggested 
that GST provides protection to the tissue by removing such compounds through 
"suicidal" binding (Ketterer et al, 1967). GST isozymes have received a great deal of 
attention because of their potential clinical significance. Several studies have linked 
the over-expression of GST isozymes with the development of drug-resistant tumor 
cells (Reeve ef a/, 1981; Gupiaetal, 1989). Tew (1994) has confirmed the involvement 
of the GST family in detoxification of anticancer agents. Acquired resistance of 
carcinoma cells to a variety of chemotherapeutic agents has been accompanied by an 
elevation in GST activity (Puchalski and Fahl, 1990). GST-mu, an isozyme of GS'I" has 
been identified as a potential biomarker for genetic susceptibility to lung cancer 
(Seidegard, 1990). Thus, GST activity levels are useful predictive marker of tissue 
tumor responsiveness to chemotherapy. 
Metabolism and IVansport of Glutathione 
GSH is transported into the extracellular space and is cleaved to its constituent 
amino acids which are subsequently utilized for the synthesis of GSH. This complete 
cycle is known as y-glutamyl cycle. Fig. 7 provides an illustration of the schematic 
pathway involved in GSH metabolism. GSH is synthesized in cells by a number of 
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enzymes utilizing constituent amino acids in two reactions, eacli requiring one mole 
ofAri»(llammarstr()n. I<)HI). 
L-Cilii + L-Cyst + M T M g - L-y-CJhi I--(yst-f AI)P+ Pi (Uoarli«)n 1) 
y-glutamyl cysteine synthetase (E.C. 6.3.2.2) catalyzes reaction I, tlie first step 
in the synthesis of GSH and the rate limiting step. 
The second reaction involves the addition of glycine to y-glutamylcysteine 
moiety catalyzed by the enzyme glutathione synthetase (E.C.6.3.2.3). 
L-y-Glu-L-Cys + Gly + ATP - GSH + ADP + Pi (Reaction II) 
Regulation of GSH biosynthesis may occur through feedback inhibition 
mechanism. It has been found that isolated perfused lung can synthesize GSH from 
the precursor amino acids as well as from exogenous GSH (Dawson et al, 1984). 
GSH in its disulfide form (GSSG) is transported from the cell through an active 
transport system. It is also utilized within the cell in response to cellular oxidative 
stress (Dethmers and Meister, 1981; Hagen etal, 1986). Macrophages, lymphocyte.s, 
fibroblasts and epithelial cells each can export GSH to the extracellular milieu 
(Griffith and Meister, 1979; Bannai and'Kukeda, 1979; Dethmers and Meister, 1981; 
Rouzer et al, 1982). Although plasma GSH content is lower than cellular GSH, GSH 
translocation within different compartments enables GSH-depleted cells to acquire 
GSH from the plasma. Thus, lungs depleted of GSH are able to actively transport 
and utilize plasma GSH following exposure to xenobiotics (Hagen et al, 1986). 
GSH is a very short-lived entity in human plasma with a half life of only 1.6 
minutes (Wendl and Cikryt, 1980). GSH is catabolized by the enzyme y-glutamyl 
transpeptidase (y-GT) present in different tissues including lungs (Griffith and 
Meister, 1979; Abbott et al, 1984; Martensson et al, 1989). Another enzyme, 
y-glutamyl cyclotransferase, converts the y-glutaniic acid complex to tlie 
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corresponding free amino acid(s) and 5-oxoproline. Finally, 5-ox()pr()line is 
converted to glutamate (substrate for GSH synthesis) by the enzyme 5-oxoprolinase 
(Meister and Anderson, 1983). 
y-GT is a plasma membrane bound enzyme which is prevalent in secretory 
epithelial cells of lung as well as in other lung cells including AM (Albert et al, 1964; 
Rouzer et al, 1982). The physiological function of y-GT enzyme is closely associated 
with its action in metabolizing extracellular GSH and its derivatives and its ability to 
catalyze the formation of y-glutamyl amino acids (eg. y-glutamyl cysteine) which are 
transported into the cell. When y-GT activity is blocked by an inhibitor in 
experimental animals, there is a marked accumulation of GSH extracellularly 
(plasma, urine) with consequent loss of cellular cysteine moeity (Meister and 
Anderson, 1983). Studies of Forman and Skeleton (1990) showed that when y-GT 
activity was inhibited by serine-borate complex in macrophages, the protcclioii of cells 
with externally added GSH is significantly inhibited along with the de novo synthesis 
of constituent amino acids. These studies suggest that y-GT provides protection to 
macrophages against hyperoxia, thus, potentially, it is an important component of 
GSH dependent antioxidant function. y-GT exists as a dimer with the heavy subunit 
(MW 60 kDa) attached to the lipid membrane, and the lighter subunit (MW 22 kDa) 
containing the active site directed towards the extracellular milieu (Cantin and Begin, 
1991). y-GT catalyzes the transport of y-glutamyl moiety of GSH to an appropriate 
acceptor such as amino acids, dipeptides or GSH itself (Dawson et al, 1984). Acivicin, 
an anticancer agent, is a potent inhibitor of y-GT (Stole et al, 1994). 
The activity of y-GT in isolated lung cells was reported to be 1.02 0.38 
nmoles/million cells/minute, which is about 80 times less than the corresponding 
activity in isolated kidney cells (Ding et al, 1981). Since the lungs receive the entire 
cardiac output of blood, y-GT could play an important role in the disposition of GSH 
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in the body (Dawson et al, 1984). Extracellular GSH facilitates amino acid transport 
through the y-glutamyl cycle, y-glutamyl amino acids formed by the catabolism of 
GSH are readily taken up by the cell and utilized for various biosynthetic and 
metabolic processes. Transport of GSH precursor amino acids through this system is 
probably the most important mechanism by which GSH is transferred from the 
extracellular milieu to the cytoplasm (Cantin et al, 1989). 
Preservation of Glutathione Defense Function and its Therapeutic Role 
Exogenous delivery of GSH or its precursors are being studied to determine the 
therapeutic role of augmenting endogenous lung GSH levels. GSH and GSH redox 
cycle enzymes, one of the most important antioxidant defense mechanisms in 
mammalian cells, also have an important role in the detoxification process of various 
exogenous compounds (e.g. metals, paraquat, alkylating agents) (Hagen ct al, 1986). 
GSH supplemented in diet protects preterm rabbits from oxidative lung injury due to 
hyperoxia (Brown et al, 1996). There is also evidence that a dietary precursor of 
vitamin A, /3-carotene, can also prevent lung tissue damage, by functioning as a free 
radical scavenger (Mascio etal, 1991). However, one major multi- institutional study 
(the CARET trial) demonstrated that supplementation with/3-carotene (30 mg) and 
retinyl palmitoyl (75,000 I.U.) failed to reduce the risk for lung cancer in 4(KM) 
asbestos-exposed workers and 11,000 smokers randomised into the study (Omenn et 
al, 1994). Moreover, vitaniin-A deficiency reduces GSH content and the activity of 
GST in rat lungs exposed to oxygen (Dogra et al, 1982). Dietary minerals, especially 
selenium, can also provide protection against oxidative lung damage. Selenium 
deficiency decreases GPx activity and reduces the life span of animals exposed to low 
oxygen concentrations (Janssen et al, 1992). Besides, dietary proteins, especially 
sulfur containing, which have precursor amino acids for GSH synthesis, have also 
prevented shortening of survival and also increased lung GSH levels in 
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hypoxia-exposed rats (Deneka et al, 1983). Thus, dietary sulfur-containing amino 
acids may serve as a precursors to pulmonary GSH. Due to its short half life and rapid 
auto-oxidation in vivo direct aerosolization of GSH has resulted in elevating GSH 
levels of epithelial fluid for less than 2 hours (Borok et al, 1990). To overcome this 
problem, approaches have been made with liposomes-encapsulated glutathione 
(Romet et al, 1990). Techniques have been developed to increase the short half life 
of exogenously administered GSH and its related enzymes. Liposomes are being used 
to deliver GPx and to augment hepatic GSH (Wnedl and Cikryt, 1980; Michelson et 
al, 1983). Intratracheal administration of GSH with liposomes decreased the severity 
and delayed the onset of oxygen-induced lung injury in fasted mice (Smith et al, 1992). 
In another study, sheep receiving 600 mg of GSH showed a 2 fold increase in GSH in 
epithelial lining fluid which increased resistance to oxidant stress (Buhl et al, 1990). 
Smith et«/ (1992) used liposomes to deliver GSII in the lung dirccdy l(» nllow luoic 
retention. Exogenous GSH is transported into the cell in an cncigy-dcpciKlcnt 
maimer. Administration of compounds with GSH precursor function resulted in a 
long lasting GSH augmentation of intracellular GSH levels (Gillissen ct al, 1993; 
Meyer et al, 1994). N- acetylcysteine (NAC) a precursor of glutathione when given 
to patients with respiratory distress syndrome, maintains red blood cell GSH levels 
(Bai et al, 1994; Meyer et al, 1995). Recently Meyer et al (1995) observed that 
intravenous administrations of NAC augments lung GSH in the patients with 
pulmonary fibrosis but not in control subjects. It has also been shown that oral 
treatment with NAC in patients of lung tumors and idiopathic pulmonary fibrosis leads 
to an increase of glutathione levels in venous plasma and BALF and suppression of 
disease occurs (Bridgenran et al, 1991). Suter et al (1994) reported that NAC 
enhances the recovery of patients suffering from mild to acute lung injury due to 
respiratory distress syndrome. Recently Gillisen et al (1997) have shown that a lysine 
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salt of NAC, i.e. Nacystelyn (NAL) is twofold more effective tlian NAC in enhancing 
intracellular GSH level. NAL forms neutral pH solutions, easily aerosolized into the 
lung without causing side effect while NAC produces acidic solutions. There is a 
significant and positive interrelationship between CJSII and ascorbate levels ol tissue 
(Moran et al, 1979). Ascorbic acid may also have therapeutic use in preventing 
oxidative stress in GSH deficient mice lung (Jain et al, 1992). 
Generation of Reactive Oxygen Species by Mineral Fibers 
Several mechanisms could explain why mineral fibers elicit production of 
oxygen free radicals in the lung. In general, the greater the iron content of the fiber, 
the more ROS generated by the process (Vallyathan, 1994). Fiber-mediated ROS 
generation also occurs during the phagocytosis of the inhaled fibers by AM or other 
cell types resident in the lung (Hansen and Mossman, 1987). If the fiber is too long 
the cell cannot completely ingest it, a phenomenon known as "frustrated 
phagocytosis". The resulting respiratory burst generates ROS that can leak out into 
the external environment of lung, damaging surrounding cells (Hansen and Mossman, 
1987). AM and neutrophils produce significant quantities of ROS when exposed to 
mineral fibers (Kamp et al, 1992; Hansen and Mossman, 1987). Studies with mineral 
fibers in cell-free systems have demonstrated by electron spin resonance spectroscopy 
that chrysotile, crocidolite, and amosite generate ROS in the presence of H2O2 or 
physiological saline (Weitzman and Graceffa, 1984; Eberhardt et al, 1985; Zalma et 
al, 1987). Results of experiments with deferroxamine, an iron chelator, indicate that 
the iron content of crocidolite contributes to the cytotoxicity by the fiber (Weitzman 
and Graceffa 1984; Weitzman and Weitberg 1985). iron II salts can react with O2 in 
an aqueous environment to yield 02^ and OH directly: 
Fe^"^ + 0 2 ^ Fe^^ +O2" 
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Furthermore, iron catalyzes the modified Fenton's reaction producing the highly 
reactive OH radical (McCord and Wong, 1979). 
02"+ Fe^^ - Of +Fe^^ +H2O2 +Fe^^ -* OH" + Fe^^ + OH 
Mineral fibers generate ROS from cellular products. Support to this hypothesis 
is that crocidolite, amosite and chrysotile cause lipid peroxidation (Weitzman and 
Weitberg, 1985) and catalyze the formation of OH and O j from H2O2 in a cell free 
system (Weitzman and Graceffa, 1984). These effects are inhibited by preincubation 
of fibers with deferroxamine suggesting that iron content of these fibers is redox active 
as shown by following equation: 
H2O2 + Fibers -Fe^"^- OH + "OH + Fibers - Fe^^ 
Fibers - Fe^ ^  + H2O2 - Fe^ ^  + 2H ^  + O2 
While crocidolite (27%) and amosite (28%) are primarily iron containing 
types of mineral fibers, the iron content of UlCC Chrysotile is only 2.6% as 
determined by neutron activation analysis (Timbrell, 1970). The other factors like 
2 + Mg content, surface charge etc may also be involved in chrysotile induced 
cytotoxicity. Substantial evidence supports the hypothesis that iron-catalyzed ROS 
generated by mineral fibers injure pulmonary parenchymal cells especially pulmonary 
epithelial cells (PEC). The evidences include (i) AOE and iron chelators diminish 
fibers-induced toxicity to cultured PEC (Mossman et al, 1986) and (ii) neutropliil-
derived ROS contribute to fibers-induced PEC toxicity (Kamp et al, 1989, 1992). 
Notably AM, unlike neutrophils, reduce asbestos-induced PEC toxicity in vitro by 
sequestering the fibers from the epithelium and releasing lesser amounts of H2O2 
(Kamp et al, 1994). The fiber uptake by PEC is augmented by iron-catalyzed ROS 
(Churg et al, 1989). Mineral fibers parallel to other oxidants alter AOE expression 
in the pulmonary epithelium suggesting important adaptive responses (Mossman ct 
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al, 1986). In addition, fibers coated with iron become redox active in presence of 
reducing agents including superoxide anion (Lund and Aust, 1990; Chao and Aust, 
1990; Ghio et al, 1992,1994), Recently, presence of OH in rat lungs, one week after 
exposure to a single intratracheal (IT) instillation of iron-loaded chrysotile fibers, has 
been noticed (Schapira et al, 1994). A pathophysiologic role of OH is suggested by 
the recent observations that an iron chelator, phytic acid, reduces fibers-induced 
toxicity and DNA damage to cultured PEC. These effects are directly correlated with 
the levels of mineral fiber-induced OH formation. Phytic acid also attenuates the 
inflammatory and fibrogenic effects of amosite fibers two weeks after a single 
IT-instillation into rats (Kamp ef a/, 1989,1995). These data imply that iron-catalyzed 
ROS are an important cause of pulmonary toxicity alter mineral libers exposuie. Our 
recent data suggest that asbestos in presence of H2O2 and organic peroxides cause 
DNA double strand breaks, sugar damage and enhanced fidelity, though there are 
remarkable differences between the action of H2O2 and organic peroxides (Mahmood 
etal,1994). 
Mineral fibers can stimulate both membrane associated and soluble enzymes 
involved in catalyzing the production of ROS. In this regard, stimulation of a reduced 
nicotinamide-adenine dinucleotide (NADH) or reduced nicotinamide-adenine 
dinucleotide phosphate (NADPH) oxidase (McCord and Wong, 1979; Freeman and 
Crapo, 1982) and/or conversion of xanthine dehydrogenase to xanthine oxidase in the 
cytoplasm (McCord and Fridovich, 1968) could occur after contact of the fibers with 
the plasma membrane and/or uptake by the cells. AM and RL-82 cells avidly 
pbagocytoze fiber and attempt to sequester the fibers in phagosomes and lysosomes. 
Longer and thirmer fibers are phagocytozed unsuccessfully, thus they may irritate the 
cell for protracted periods of time. 
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Increased amuunls of 02^ have been produced after rodents AM were exposed 
in vitro to long fibers, whereas generation was minimal with shorter fibers and 
non-fibrous particles (Hansen and Mossman, 1987). Smaller fibers and particles 
when introduced or incorporated into phagolysosomes by AM, whereas longer fibers 
incompletely phagocytosed resulting in frustrated phagocytosis, a process liberating 
more ROS. Both crocidolite and chrysotile fibers elicit production of 02^ from AM 
(Donaldson et al, 1986). Superoxide dismutase (SOD), the scavenger of OJ, and 
other scavengers (i.e. maimitol, sodium benzoate, dimethylthiourea) of the OH 
prevent fibers-associated cell injury as measured by release of " Se, a marker of 
membrane damage, from tracheal epithelial cells (Mossman and Landesman, 1983; 
Mossmanefa/, 1986). Total amount of SOD (both Cu-Zn-and Mn-Containing forms) 
are increased both in tracheal epithelial cells and in normal rat king fibroblasts 
suggesting that ROS are intimately related to mineral fiber toxicity even in the absence 
of AM (Mossman et al, 1986). 
Fibers exposed AM besides liberating 02", H202and OH can also enhance the 
formation of nitric oxide radical (NO). Recently it has been reported that both 
chrysotile and crocidolite induced the formation of NO' and a synergism was noted in 
the presence of y- interferon (y-IFN) (Thomas et al, 1994). Since elevated levels of 
IFN and TNF are reported in occupationally exposed workers, it could be possible 
that the enzyme nitric oxide synthase regulating NO" in AM might incrcnsc. It is 
further conceivable that mineral libers exposed AMgencialing O ; and NO t;idic:ils 
can produce peroxynitrite anion (ONOO). ONOO' a known powerful oxidant can 
induce tissue injury by several enzymatic and non enzymatic pathways. 
The elaboration of TNF by AM and other inflammatory cells may also be 
involved in the generation of ROS in lung during mineral fiber exposure. The 
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cytotoxic effects of TNF are thought to be partly due to the production of ROS, 
including H2O2 and 02" which are generated when TNF interacts with the target 
cells membranes or other components such as mitochondria (Mathew and Watkins, 
1978; Wong and Goeddel, 1988; Reid et al, 1989). 
Production of ROS after inhalation of fibers increases AOE gene expression 
and enzyme activity in lung tissue (Janssen et al, 1992). Rats exposed to crocidolite 
(7-10 mg/m air) show increases in the activity of all measured antioxidant enzymes 
in lung tissue, although there are slight differences in the extent and time frame of the 
Augmentation (Janssen et al, 1990,1992). Inhalation of crocidolite caused significant 
increase in GPx and MnSOD mRNA levels in rat lungs when compared to sham 
controls. A slight but statistically significant increase in CuZnSOU niRNA expression 
was also observed after exposure to mineral fibers. Catalase mRNA expression in rat 
lungs is unaffected or decreased after inhalation of fibers (Janssen et al, 1992). 1 he 
disparity between the SOD in terms of selective mRNA induction in lung is 
interesting. Although the two enzymes are compartmentalized in the cell (MnSOD 
in the mitochondria and CuZnSOD in the cytoplasm and peroxisomes) both forms 
are encoded in the nucleus. Apparently the two enzymes are not regulated 
coordinately when cells of the lung are exposed to mineral fibers generating ROS 
(Shull et al, 1991; Janssen et al, 1992). 
The increased activities of GR and G6PD in rat lungs exposed to chrysotile 
suggest that these enzymes by maintaining a steady supply of GSH and NADPH, 
respectively, might be protecting lung through the GSH redox cycle (Chance et al, 
1979), in which GSH acts as a substrate for GPx. The enhanced activity of GPx may 
protect the lung by converting H2O2 or lipid peroxides to water or non-toxic 
hydroxides. Further G6PD activity through the formation of NADPH also contributes 
to the formation of pentose sugars, which are required for the synthesis of nucleic acid 
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(Rawn, 1989). A significant in vivo depletion in the levels of ascorbic acid and GSH 
in mineral fibers exposed animals was observed (Khan et al, 1990). This suggest that 
fiber induced oxidative stress overwhelms the antioxidant defense of the lungs 
resulting in inflammatory fibrosis. Janssenefa/ (1995a) have also shown depletion 
of cellular GSH in pleural mesothelial cells exposed to mineral fibers. They have 
further co-related the induction of protooncogenes c-jun and c-fos with the 
intracellular levels of thiols by fibers inducing a redox sensitive signaling state in the 
cell. In an other communication they have suggested that the cellular level of GSH in 
hamster tracheal epithelial cells might be responsible for the induction of nuclear 
factor /cB the transcription factor regulating expression of genes intrinsic to 
inflammation and cell proliferation (Janssen et al, 1995b). 
Experiments with cultured human mesothelial cells demonstrated a 2 to 3 fold 
increase in steady-state MnSOD mRN A levels when these cells were exposed to either 
crocidolite or chrysotile fibers or to xanthine and xanthine oxidase. These data suggest 
that mineral dust-induced ROS production modulates the response of antioxidant 
enzymes at the transcriptional level. Further, there are independent molecular 
mechanisms regulating MnSOD and Cu, ZnSOD in the exposed lungs (Janssen et 
al, 1994). It is unlikely that increased antioxidant enzyme expression alone in 
response to mineral fibers are sufficient to protect the lung from oxidant damage. 
ROS plays an important role in the process of pulmonary fibrosis and induction 
of malignancies. Further studies are needed to pin point the exact measure that is 
known to regulate GSH and its redox enzymes in mineral fibers exposed system. 
Therefore, in this dissertation a systematic approach has been made and a series of/« 
vivo experiments were performed by using different varieties of mineral 
fibers/particles (namely crocidolite, chrysotile and ultrafine titanium dioxide) on GSH 
and its redox enzymes , and an emphasis was also given on cytotoxic, fibrogenic and 
carcinogenic potential. This thesis also describes the role of NAC a precursor of GSH 
in fiber induced toxicity. 
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Chemicals 
Glutathione reductase, L-ascorbic acid, a-tocopherol, bovine serum albumin, 
glucose 6-phosphate, 4-nitrophenyl phosphate, sodium pyruvate, 2-thi()barbituric 
acid, 5,5'-dithiobis [2- nitrobenzoic acid], styrene oxidase and benzo (a) pyrene were 
purchased from Sigma Chemical Company, St. Louis, MO, USA. Glutathione, 
NADPH, NADP, NADH, NAD, Folin-Ciocalteu reagent and trichloroacetic acid 
were obtained from Sisco Research Laboratories, Mumbai, India. All other chemicals 
were obtained from CSIR Centre for Biochemicals, New Delhi, India and were of 
pure analytical grade. 
Instruments 
Spectrophotometer (Spectronic-2001, Baush and Lomb), Spectrofluorometer 
(Shimadzu, RF-5000, Japan), RC-5B Sorval High Speed Centrifuge (Du Pont, USA), 
High Power Binocular Microscope (Leica, Leitz Wetzlar, Germany), Turrax T-25 
Homogenizer (Germany), Microcentrifuge (REMI Instruments, India), Electronic 
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Balance (Afcoset, Mumbai, India) and Digital pH Meter (Control Dynamics, 
Mumbai, India) were the major instruments used in this study. 
Mineral Fibers 
Three different varieties of fibers/particles namely crocidolite (UlCC), 
chrysotile (Indian) of size < 30;<m and ultrafine titanium dioxide (UF-Ti02) of size 
20 nm were used in this study. UICC crocidolite was obtained as a gift from Dr. J.B. 
Leinweber, Johns Manville Corporation, USA. Indian chrysotile was mined at 
Cuddapah by Andhra Pradesh Mining Corporation Ltd., Hyderabad. UF-Ti02 was 
obtained as a gift from Prof. G. Oberdorster, University of Rochester, Rochester, New 
York, USA. 
Treatment of Animals 
Female albino rats (Rattits norvegicus) of the druckery strain obtained from the 
Industrial Toxicology Research Centre, Lucknow, India, were used throughout the 
study. The animals were housed in groups in stainless steel cages and alone in plastic 
polypropylene cages in an air conditioned room and maintained at 25±2°C on a 12 
hr/12 hr light/dark cycle. The animals of all groups were maintained on standard pellet 
diet (Amrut feeds, Pune, India) and given tap water ad libitum. 
In the first set of experiment female albino rats (175-200 gm) were exposed to 
UF-Ti02 (2 mg/rat) by single intratracheal instillation suspended in 0.5 ml of normal 
saline according to the procedure of Gerarde (1959). The control received only saline 
in an identical manner. Sue animals, each from control and UF- Ti02 groups were 
sacrificed on 1,4,8 and 16 day after exposure and their alveolar macrophages (AM) 
were isolated. 
In the second set of experiment female albino rats (150± 10 gm) were divided 
into four groups of 10 each. Animals of each group were anaesthetized separately to 
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give single intratracheal instillation of crocidolite, chrysotile and UF-Ti02 (5 mg in 
0.5 ml saline/rat). Fourth group received only saline in an identical manner and served 
as control. Six animals from all the four groups were sacrificed one month after 
exposure and their AM and red blood cells (RBC) were isolated, and lungs were taken 
for histopathological studies. 
In the third set of experiment female albino rats (150± 10 gm) were 
anaesthetized to give single intratracheal instillation of chrysotile (5 mg in 0.5 ml 
saline/rat). Control rats received 0.5 saline only. Animals were sacrificed (six animals 
from each group) on 1,4,8,16,30,90 and 150 days after the exposure along with their 
respective control and their AM and blood collected. Lungs were cleaned, washed, 
weighed and homogenized in 0.25 M sucrose. Lung microsomal and cytosolic fraction 
were isolated. 
In the fourth set of experiment female albino rats (150-175 gm) were divided 
into four groups and exposed as follows: (i) control group received normal saline by 
single intratracheal instillation; (ii) received 50 mg NAC/kg b.wt., daily by ip route; 
(iii) received 5mg chrysotile suspended in 0.5 ml normal saline/rat by single 
intratracheal instillation and (iv) received chrysotile and NAC as given In group 
(ii) and (iii). Six animals from each group were sacrificed on 1,4,8 and 16 days after 
exposure and their AM were isolated. 
In the fifth set of experiment female albino rats (150± 10 gm) were divided into 
four groups of 10 each. Animals of each group were anaesthetized separately to give 
single intratracheal instillation of 5 mg of crocidolite, chrysotile and UF-Ti02 in 0.5 
ml normal saline and the fourth group received 0.5 ml normal saline in an identical 
manner and served as control. Animals of all the four groups (six animal each) were 
sacrificed seven months after exposure and their blood was collected in heparinized 
tubes for the isolation of RBC. Their lungs were removed and homogenized in 0.25 
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M sucrose. Lung microsomal and cytosolic fractions were isolated. Histopathological 
studies were conducted in separate groups of rats. 
Isolation of Alveolar Macrophages 
Animal were sacrificed at different time intervals and their lungs were lavaged 
three times with 5 ml Ca "*" and Mg free phosphate-buffered saline (PBS) (0.1 M; 
pH: 7.4) maintained at 37°C in situ using a closed chest technique (Brian, 1970). The 
recovery of the lung lavage fluid was 85± 5%. The resulting fluid was centrifuged at 
400xg for 10 minutes in a refrigerated (4°C) centrifuge, to separate the cells from 
supernatant. The resulting cell pellet constituting more than 92% of AM (Petruska et 
al, 1991;Holiane^a/, 1997). The cell pellet was separated and washed twice with PBS 
in cold condition and counted using a hemocytometer (M'lfet al, 1997). The viability 
of the AM was checked by trypan blue exclusion test (90% viable cells). The AM were 
suspended in PBS at the concentration of 1x10 cells/ml. 
Isolation of Red Blood Cells 
At different time intervals blood was collected from orbital plexus of rat in 
heparinized tubes. RBCwere isolated following the method of Steck and Kant (1974). 
Briefly, blood was centrifuged at 1500 xg for 10 minutes at 4°C. Plasma and buffy coat 
were removed by aspiration. The RBC were washed three times in 0.1 M phosphate 
buffer/0.154 M NaCl (pH 7.4). RBC (10% v/v) was made by hemolyzing in chilled 
distilled water. 
Isolation of Subcellular Fractions of Lung 
The rat lung subcellular fractions were isolated by the procedure of Johannesen 
et al (1977) with certain modifications. A stepwise procedure is given below: 
(i) The lungs free of trachea, bronchi etc. were cut into small pieces and thoroughly 
rinsed with isotonic sucrose (0.25 M). 
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, (ii) Small pieces were suspended in 0.25 M sucrose, containing 1% (w/v) bovine 
serum albumin and were homogenized by using a Potter-Elvehjem type 
homogenizer with a motor driven teflon pestle, by four up and down strokes at 
450 rpm, to get 20% (w/v) homogenate. 
(iii) The homogenate was filtered through a double layer of muslin (maximum mesh 
size 150x100/^m) and centrifuged at 10,000xg for 20 minutes in a sorvall EC-5B 
refrigerated superspeed centrifuge to obtain mitochondrial pellet. 
(iv) The pellet was gently rehomogenized in the same medium and centrifuged at 
10,000xg for 20 minutes to obtain the pure mitochondrial pellet. 
(v) The supernatants (original and washing) were pooled and centrifuged at 
29,700xg for 10 minutes. The pellet obtained was washed with the same medium 
and recentrifuged at 29,700xg for 10 minutes to get the lysosomal pellet. 
(vi) The supernatants (original and washing) were pooled and centrifuged at 
105,000xg for 60 minutes. 
(vii) The pellet thus collected was washed once with 0.15 M Tris- HCI buffer, pH 8.0 
and recentrifuged as above. 
(viii) The final pellet obtained after washing with buffer was suspended in isotonic 
(0.15M KCl), 0.05M Tris-HCl buffer (pH 7.4) containing 2% glycerol and 0.1 
mM EDTA, using a glass homogenizer and marked as microsomal pellet. 
(ix) The microsomal pellet was suspended in 0.1 M phosphate buffer, pH 7.4 
containing 0.1 mM EDTA. 
(x) The supernatant was designated as cytosolic fraction. 
Biochemical Assay 
Acid phosphatase assay 
Acid phosphatase (AP) (EC 3.1.3.2) activity was assayed according to the 
procedure of Moss (1984). The assay system consisted of 1 ml citrate buffer/substrate 
(7.6 mM 4-nitrophenyl phosphate/0.045 M citrate buffer, pH: 4.9) solution and 0.2 ml 
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of enzyme source, mixed and incubated for 30 minutes at 3TC in water balh. After 
that 4.0 ml of 0.1 N NaOII was added to each tube to terminate the reaction. The 
resultant yellowish green colour was read at 405 nm against appropriate reagent blank. 
The AP activity was calculated with the help of standard curve for 4- nitrophenol and 
was expressed as nmol 4-nitrophenol produced/min/mg protein. 
Lactate dehydrogenase assay 
The activity of lactate dehydrogenase (LDH) (EC 1.1.1.27) was assayed by the 
method of Wotton (1964). In brief phosphate buffer (0.1 M; pH: 7.4); NADH 
(0.002M) and 0.1 ml of enzyme source were taken. The reaction was started by adding 
sodium pyruvate (O.OIM) in a final volume of 3.0 ml and the decrease in optical density 
was recorded at 340 nm at 30 second intervals for 3 minutes. The enzyme activity was 
calculated by using a molar extinction coefficient 6.22x10 M' Cm' and was expressed 
as nmol NADH oxidized/min/mg protein. 
Glutathione peroxidase assay 
Glutathione peroxidase (GPx) (EC 1.11.1.9) activity was assayed according to 
the method described by Mohandas et al (1984). The assay mixture consisted of 
phosphate buffer (0.05 M; pH: 7.0), EDTA (ImM), .sodium azide (ImM), GR (3 
units), GSH (ImM), NADPH (0.2 mM), enzyme source (0.2xl(/' AM /O.l ml RBC / 
0.1 ml lung cytosol) and hydrogen peroxide (0.25 mM) in a final volume of 3.0 ml. 
Oxidation of NADPH was recorded at 340 nm at 15 second intervals for 2 minutes 
and the enzyme activity was expressed as nmol NADI'II oxidizcd/min/nig piolein by 
• "^  I 1 
usmg molar extinction coefficient of 6.22x10 M' Cm' . 
Glutathione reductase assay 
Glutathione reductase (GR) (EC 1.6.4.2) activity was monitored by the method 
of Carlberg and Mannervik (1975). The assay system consisted of phosphate buffer 
(0.1M; pH:7.6), NADPH (0.ImM), EDTA(0.4mM), oxidized glutathione (ImM) and 
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enzyme source (0.2x10 '^ AM/O.l ml RBC/0.1 ml lung cytosol) in a final volume ol 3.0 
ml. The enzyme activity wa.s estimated by measuring the oxidation of NAUI'I I at 340 
rnn at 30 second intervals for 3 minutes. GR activity was calculated by using molar 
- 1 1 t 
extinction coefficient of 6.22x10 M Cm and expressed as n niol NADPH 
oxidized/min/mg protein. 
Glucose-6-phosphate dehydrogenase assay 
Ghicosc-6-phosplKitcdchydr()gcnase(Ci6l'l))(lsC 1.1.1.49) aclivily was assayed 
by the method of Zaheer et al (1965). The assay system contained Tris-lICl buffer 
(0.05 M; pH:7.6), NADP (0.1 mM), glucose-6-phosphate (0.8 mM), Mg CI2 (8mM) 
and enzyme source (0.2x10' AM/0.1 ml RBC /O.l ml lung cytosol) in a final volume 
of 3.0 ml. The reaction mixture was incubated for 15 minutes at 37°C and 
deproteinized by adding 0.1 ml saturated sodium thiosulfate and 0.9 ml absolute ethyl 
alcohol. The control tubes received enzyme source only after the addition of 
deproteinized agents. The tubes were then centrifuged at 3000xg for 10 minutes. The 
supernatant thus obtained was read at 340 nm against reagent blank. The enzyme 
activity was calculated as imiol NADPH formed/min/mg protein by using a molar 
3 1 1 
extmction coefficient of 6.22x10 M" Cm" . 
Catalase assay 
Catalase (EC 1.11.1.6) activity was assayed by the method of Claiborne (1985). 
The assay mixture consisted of phosphate buffer (0.05 M; {>! 17.0), hydrogen |)eroxide 
(0.019 M) and enzyme source (0.1 ml RBC) in a final volume of 3.0 ml. Change in 
absorbance was recorded at 240 nm at 15 second intervals for 2 minutes. Catalase 
activity was calculated in terms of nmol H2O2 consumed/min/mg protein by using a 
molar extinction coefficient of 0.0041 M' Cm' for H2O2. 
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Chemical Estimation 
Estimation of glutathione 
GSH was estimated in AM, RBC and lung cytosolic fraction by the method of 
Sedlack and Lindsay (1968). To these, 1.8 ml EDTA solution (1 g/litre) and 3 ml 
precipitating reagent (1.67 g metaphosphoric acid, 0.2 g EDTA and 30 g NaCl In 100 
ml distilled water) were added. After mixing, the samples were allowed to stand for 
5 minutes before being filtered. 2 ml filtrate were added to 4 ml disodium hydrogen 
phosphate buffer (0.1 M, pH 8.0) and 1 ml 5,5'-dithiobis [2-nitrobenzoic acid) 
(DTNB) reagent [(40 mg DTNB in 100 ml sodium citrate (10 g/litre)). A blank was 
prepared from 1.2 ml precipitating reagent, 0.8 ml EDTA solution, 4 ml disodium 
hydrogen phosphate and 1 ml DTNB reagent. The colour was immediately read at 
412 nm in a spectrophotometer. The results were expressed as mnol GSH/mg protein. 
Estimation of ascorbic acid 
Ascorbic acid content was estimated according to the procedure of Schaffert and 
Kingslay (1955). To AM, RBC and lung cytosol, 4.0 ml of 6% TCA was added and 
kept in cold at 4°C for 20 minutes. The tubes were centrifuged at 800xg for 10 minutes 
and the supernatant thus obtained was treated with a pinch of activated charcoal and 
filtered through Whatman filter paper 42. To 0.2 ml of filtrate, 2.0 ml of 4% TCA, 
one drop thiourea (1.0 gm thiourea in 5 ml absolute alcohol and then the volume was 
adjusted to 10 ml with distilled water) and 0.5 ml 2,4-dinitrophenyl hydrazine (DNPH) 
solution (2.0 gm DNPH in 100 ml of 9 N H2 SO4) were added. After mixing, the tubes 
were placed into boiling water bath for exactly 10 minutes. Then these tubes were 
placed on crushed ice for 10 minutes and 2.5 ml of 85% H2SO4 was added to each 
tube drop by drop. After 20 minutes, colour intensity was read against a suitable blank 
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at 515 nm. The results calculated from the standard curve of ascorbic acid were 
presented as nmol ascorbic acid/mg protein. 
Estimation of lipid peroxidation 
Lipid peroxidation was studied according to the method of Hunter et al (1963) 
by estimating 2-thiobarbituric acid reactive substances i.e. malondialdehyde (MDA). 
The reaction mixture in 2.0 ml contained 1 ml cell suspension (1x10 cells) or 1 ml of 
R B C (10%, v/v) or I ml of microsomal suspension (20%, w/v) and 1 ml of phosphate 
buffer (0.1 M; pH 7.4) containing EDTA (0.1 mM). For the enzymatic (NADPH-
2 + 
dependent) and non-enzymatic (Fe -dependent) lipid peroxidation studies, the 
final concentrations of NADPH and iron (ferrous sulphate) were 0.4 mM and 2.5 mM 
respectively in the incubation media. The reaction mixtures were incubated 
aerobically at 37°C for one hour with constant shaking in a metabolic shaker. The 
reaction was terminated by the addition of 0.3 ml of 5 N HCl and 0.7 ml of 40% 
trichloroacetic acid (TCA). The samples were transferred into centrifuge tubes. To 
this mixture 0.7 ml 2% neutralized thiobarbituric acid solution was added and the 
samples were heated in boiling water for 20 minutes. After boiling, the samples were 
placed on crushed ice for 5 minutes and then centrifuged at 10,(MM) x g for 5 minutes 
in Sorvall EC-5B refrigerated superspeed centrifuge. The amount of 
malondialdehyde formed in each of the samples was determined by measuring the 
optical density of the supernatants at 532 nm with spectrophotometer. The results 
were expressed as the nmol MDA formed/hr/mg protein by using molar extinction 
coefficient of 1.56x10^ M"'Cm"V 
Eittimution of hydrogen peroxide 
The NADPH-dependent formation of hydrogen peroxide was measured by the 
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mM; pH: 7.4); containing KCl (150 mM), MgCl2 (10 mM), sodium azicle (0.2 niM), 
in a total volume of 2 ml. Reaction was initiated by the addition of NADPH (0.4 mM) 
and was terminated after 15 minutes by the addition of 2 ml 6% TCA (w/v). After 
removal of precipitated protein by centrifugation, 0.2 ml of ferrous ammonium (10 
mM) sulfate, and subsequently, 0.1 ml of potassium thiocyanate (2.5 M) was added to 
a 1.0 ml aliquot of the supernatant. The absorption of the red ferri thiocyanate formed 
in the presence of peroxides was measured at 480 nm and was compared to H2O2 
standards. 
Estimation of protein 
Protein was estimated by the method of Lowry et al (1951). Protein was 
precipitated with 10% ice cold trichloroacetic acid (TCA). The precipitated protein 
was centrifuged at 3000 rpm for 15ft}ynutes and the protein pellet was dissolved in 1 
N NaOH. Finally suitable amount of dissolved protein was diluted to 1 ml with 
distilled water and 5 ml of alkaline copper reagent was added. After 10 minutes, 0.5 
ml of Folin-Ciocalteu reagent was added. Absorbance was read at 750 nm after 30 
minutes. Bovine serum albumin (BSA) was used as standard. 
To prepare alkaline copper reagent, solution (A) and (B) were mixed in 1:1 ratio 
just prior to use of reagent. Solution (A) containing 8 gm sodium carbonate anhydrous 
dissolved in 100 ml of water, and (B) containing 120 gm sodium potassium tartrate 
and 60 mg of CUSO4.5H2O dissolved in 100 ml distilled water. 
Indicators of Fibrosis 
Estimation of collagen 
Collagen was determined by the analysis of lung hydrolyzates for hydroxypioline 
according to the method of Stegmann (1958). 25 mg of dried lung tissue with 10 ml 
of 6 N HCl was taken into a neutral glass tube and sealed on an oxidized flame. It was 
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hydrolyzed for 16 hrs at 100°C in a hot air oven. The acid hydrolyzate was then filtered 
through glasswool and neutralized with 6 N NaOH using phenolphthaline indicator. 
To 2.0 ml of aliquot, 1.0 ml of 0.05 M chloramine-T reagent was added and kept for 
20 minutes at room temperature. Then, after the addition of 2.0 ml of 4 M perchloric 
acid the tubes were further kept for 5 minutes. To each tube, 1.0 ml of Ehrlich's 
reagent (10% solution of p-dimethylaminobenzaldehyde in methyl glycol) was added 
and then placed in cooled water and the colour intensity was read at 560 nm against 
reagent blank. These values correspond to hydroxyproline as calculated from the 
standard curve of hydroxyproline. The collagen content was calculated by multiplying 
the hydroxyproline values with a factor of 7.46 (Naumann Logan conversion factor). 
Estimation of sialic acid 
Sialic acid in the fresh lung homogenate (20% w/v) was estimated by the method 
of Warren (1959) with certain modifications. In order to get sialic acid hydrolyzed 
from its glycopeptides, 50/< 1 of lung homogenate was incubated with 5 //1 of 1N H2SO4 
for 1 hr at SO'C. To each tube, 25 /il of 0.2 M sodium (meta) periodate in 9 M 
phosphoric was added and kept for 20 minutes at room temperature. Then 0.25 ml 
of 10% sodium arsenite in 0.5 M Na2S04 made in 0.1 N H2SO4 was added. A yellow 
rust colour developed which disappear on mixing the solution. To colourless solution, 
0.75 ml of 0.6% thiobarbituric acid in 0.5 M Na2S04 made in 0.1 N H2SO4 was added. 
After shaking, the mixture was capped and rapidly placed into a boiling water bath for 
16 minutes. After incubation, the tubes were kept in ice for 5 minutes and then at 
room temperate for 8 minutes. The chromogen which developed was extracted 
vigorously with 5.0 ml of acidified 1-butanol (95 ml 1- butanol: 5 ml HCI) and the two 
phases were separated by centrifugation at 80x g for 10 minutes. The pink colour in 
the supernatant was read at 550 nm in the spectrophotometer against a reagent blank. 
The amount of sialic acid was calculated from the standard curve and expressed as 
mg/gm of fresh lung weight. 
Material and methods 49 
Estimation of hexosamines 
Hexosamines were estimated by the Indole reaction method of Uisch and 
Borenfreund (1950), In a test tube of equal diameter and thickness, 0.5 ml of 20% 
lung homogenate (w/v), 0.5 ml of freshly prepared sodium nitrite (5%) and 0.5 ml of 
acetic acid (33%) were added and left for 10 minutes to complete deamination. The 
excess nitrous acid was removed by adding 0.5 ml of ammonium sulphamate (12.5%) 
and shaken intermittently over a period of 30 minutes. To the above solution, 2.0 ml 
of HCl (5%) and 0.2 ml indole (1% in 95% alcohol) were added and the tubes were 
placed in a boiling water bath for 5 minutes. A slightly turbid orange colour 
developed. The turbidity was removed by adding 2.0 ml of absolute alcohol and then 
the colour was read at 492 nm. Results were expressed in terms of mg hexosamines/gm 
fresh lung weight. 
Drug Metabolizing Enzymes 
Assay of benzo(a)pyrene hydroxylase activity 
Benzo(a)pyrene hydroxylase activity was assayed by the spectrofluorometric 
technique as described by Dehnen et al (1973). The reaction mixture in 2,0 ml 
consisted, 1.08 ml of phosphate buffer (0.2 M; pH: 7.4), 0.1 ml of NADP (1 // mol), 
0.1 ml of glucose-6-phosphate (lOi^mol), 0.1 ml of magnesium chloride (25 //mol) 
and 0,1 ml of nicotinamide (50 A<mol) and enzyme (microsomes) 0.5 ml. After 
preincubation for two minutes, 80 n mol of benzo (a) pyrene dissolved in 20 n\ of 
acetone was added and the tubes were incubated at 37°C for 30 minutes in a metabolic 
incubator. All the steps were carried out under subdued light. Reaction was 
terminated by the addition of 1.0 ml/Cocktail solution (a mixture of 10% (v/v) triton 
X-100 in 1 N NaOH with 1% (w/v) EDTA). The controls were also run in the same 
fashion except that the substrate was added after the addition of triton X-100 solution 
mixture. The fluorescence was measured at an excitation max 465 nm and emission 
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max 520 nm in Shimadzu RF-5000 spectrofluorometer. The activity was expressed as 
fluorescence units/min/mg protein. 
Assay of epoxide hydrolase activity 
Epoxide hydrolase activity was assayed by the fluorometric technique as 
described by Dansette et al (1979), The reaction mixture in 3.0 ml consisted 0.5 ml of 
microsomes suspended in Tris HCl buffer (0.015 M; pH: 8.7). It was initiated by the 
addition of styrene epoxide to the final concentration of 20 /u M to avoid quenching 
and then the tubes were incubated at 37°C in a metaboh'c shaker for 1 hr. The reaction 
was terminated by the addition of 0.15 ml tetrahydrofuran to the reaction mixture. 
Controls were also run in the same maimer except that substrate was added after the 
termination of the reaction. All the steps were carried out under subdued light. 
Fluorescene of the dihydrodiols of styrene epoxide was measured at excitation max 
of 310 and emission max of 385 nm in shimadzu RF-5000 spectrofluorometer. The 
epoxide hydrase activity was expressed as fluorescence units/hr/mg protein. 
Estimation of cytochrome P-450 contents 
Microsomal cytochrome P-450 contents were determined by the 
spectrophotometric method of Omura and Sato (1964) from carbon monoxide 
difference of dithionite-reduced microsomes. An approximately diluted rat lung 
microsomes (1 mg microsomal protein/ml reaction mixture) was taken into two 
cuvettes and carbon monoxide gas was bubbled for two minutes. A base line between 
450 nm to 490 nm was obtained. An extinction coefficient of 91 mM'* Cm' was used. 
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Assay of glutathione S-transferase activity 
Glutathione S-transferase (GST) (EC 2.5.1.18) activity was monitored by the 
procedure of Habig et al (1974), using l-ciiloro-2,4-dinitrobenzene (CDNB) as a 
substrate. The reaction system contained phosphate buffer (0.2 M; pH: 6.5), reduced 
glutathione (1 mM), CDNB (ImM) and enzyme source (0.2x10^ AM/0.1 ml RBC/ 0.1 
ml lung cytosol) in a final volume of 3 ml. The increase in absorbance at 340 run was 
recorded at 30 second intervals for 3 minutes. The enzyme activity was expressed as 
nmol CDNB conjugate formed/min/mg/protein by using a molar extinction coefficient 
of 9.6x10^ M"^Cm'^ 
Histopathology 
For histopathological studies rats were transcardially perfused one and seven 
months post-exposure. Perfusion was carried out in deeply anaesthetized rats with 
10% normal saline followed by 10% buffered formalin. Lungs were removed and cut 
into 5 mm cubes and post fixed in 10% formalin for several months before proceeding 
for tissue preparation for microtomy. 
Tissue were dehydrated in ascending grades of alcohol, cleaned in xylene and 
embedded in paraffin wax. 5^m thin sections were cut on a microtome and taken on 
albumin coated slides. Sections were stained with haematoxylin and eosin and 
observed under the low and high power of microscope (Leica, Germany). 
Statistical Analysis 
a) The Student's 't' test (two - tailed) was adopted for statistical analysis and 
p < 0.05 was considered to be significant. 
b) In some cases the data was also analysed by one-way analysis of variance 
(ANOVA) followed by Bonferroni test for comparison between group pairs. 
Data were considered statistically different at a significance level of p < 0.05. 
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Introduction 
Titanium dioxide (1102), '•^ natural non-silicate mineral oxide, occuis in dilfereiil 
forms and is widely used in cosmetics, pharmaceutical and in paint industries as a 
coloring material (Hedenborg, 1988). Previously, TxOi was considered biologically 
inert (Ophus et al, 1979; Rode et al, 1981; Ferin and Oberdorster, 1985; 
Lindenschmidt et al, 1990). However, recent investigations have unequivocally 
established that exposure to ultrafine titanium dioxide (UF-Ti02) causes 
inflammation, pulmonary damage, fibrosis and lung tumors (DriscoU et al, 1990; Ferin 
et al, 1991; Oberdorster et al, 1992). DuPont (1985) has shown dose-related effects 
of Ti02 on rat, that include alveolar proteinosis, cholesterol granuloma formation, 
coUagenized fibrosis, focal pleurisy and thickened alveolar walls, impairing oxygen 
diffusion. Human polymorphonuclear leukocytes exposed to UF-Ti02 dust produced 
enhanced levels of reactive oxygen species (ROS) quantified by chemiluminescence 
(CL) assay (Hedenborg et al, 1988). Oberdorster et al (1992) have demonstrated that 
the physical dimensions of Ti02 particles play an important role in determining 
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toxicity. Further they have shown that UF-Ti02 is able to enter into the interstitium 
spaces of the lung. Rahman et al (1994, 1997) using luminol dependent CL assay 
reported that UF-Ti02 produced ROS when exposed to human or rat alveolar 
macrophage (AM) in vitro. 
Polymorphonuclear cells and AM play a vital role and protect the lung from 
exogenous toxicants. Lung contains 40 different types of cells. Pulmonary AM 
constitute a major portion of the total free cell population in the lung. Due to 
predominance of AM in the lung lavage fluid, cells were referred as AM (Petruska et 
al, 1991; Boehme et al, 1992; Holian et al, 1997). AM engulf foreign particles which 
cause oxidative burst, releasing ROS and which have been thought to be the causative 
agent in mineral dust induced lung damage (Kamp etal, 1992). AM are also equipped 
with a well advanced defense system of enzymatic and non-enzymatic antioxidants 
which are known scavengers of ROS (Heffner and Repine, 1989). Puhnonary injury 
may occur when the balance between oxidant generation and antioxidant system is 
disbalanced (White and Repine, 1985; Heffner and Repine, 1989). In the present 
preliminary study an attempt has been made to study the effect of UF-Ti02 on rat 
lung lavage in-vivo after 1,4,8 and 16 days of exposure. The cytotoxicity was observed 
by the leakage of lactate dehydrogenase (LDH) and acid phosphatase (AP) in the cell 
free lavage fluid, in addition the oxidative stress in AM was also assessed by measuring 
the generation of hydrogen peroxide (H2O2) and hpid peroxidation (LPO). The 
intracellular levels of reduced glutathione (GSH) and the activities of various primary 
and secondary antioxidant enzymes which are known to regulate the cellular oxidative 
tone were monitored. 
Results 
Intratracheal exposure of ultrafine TiOi at a dose of 2 mg/rat caused a 
significant increase in the percentage of AM in lung lavage. The increase in AM 
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population on day 1,4,^  and 16 was 34%, 51%, 79% and 23% respectively. The 
maximum increase in the number of AM was recorded on the 8th day of exposure 
(Fig. 1). A significant increase in the activities of AP (a lysosomal enzyme) and LDH 
(a cytosolic enzyme) was observed in cell free lavage fluid throughout the period of 
exposure (Figs. 2-3), An increase in the activity of AP was 13%, 45%, 59% and 54% 
on day 1,4,8 and 16 respectively, whereas the increase in the activity of LDH on day 
1,4,8 and 16 was 27%, 57%, 75%, and 69% respectively. The maximum increase in 
the activities of AP (59%) and LDH (75%) was noticed on the 8th day compared to 
control. LPO was assayed in AM by measuring the thiobarbituric acid reactive 
substances (TEARS). A significant and progressive increase in LPO was observed as 
compared to their respective control values (Table 1). A non-significant increase in 
LPO was observed on day 1 and day 4, whereas a significant increase was observed on 
day 8 and 16 which was 17% and 19% respectively. A significant increase in LPO was 
2 + 
observed for both NADPH- induced, enzymatic and Fe - induced, non-enzymatic 
in AM of UF-TiOz exposed rats compared to their respective controls. A significant 
induction of H2O2 viz. 18% and 30% in particle exposed AM was also observed on 
the day 8 and 16 respectively as shown in Table-1. 
A significant increase in the activities of glutathione redox enzymes in AM was 
observed throughout the period of exposure (Figs. 4-7). The maximum increase in 
the activities of glutathione peroxidase (GPx), glucose 6-phosphate dehydrogenase 
(G6PD) and glutathione reductase (GR) was 50%, 55%, 40% respectively as observed 
on day 8th in comparison to their respective control as shown (Figs. 4-6). Whereas 
increase in the activity of glutathione S-transferase (GST) was maximum on day 16th 
(66%) also reported in Fig. 7. 
A significant and progressive depletion in the level of GSH was observed 
throughout the exposure period in rat AM. The maximum decrease was observed on 
day 16th (17%) as reported in Fig. 8. A decrease in the content of ascorbic acid was 
also observed (Fig. 9). The decrease in the content of ascorbic acid was non- significant 
till day 8 and became significant on day 16th of the exposure. 
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Fig. 1: Alveolar macrophage population in the rats exposed to ultrafine 
titanium dioxide. Values are mean ± SE (n = 6). *p< 0.001; 
p < 0.01; '^ p < 0.02 when compared to respective control. 
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Fig. 2: Changes in the activity of acid phosphatase in cell free lavage fluid 
of rats exposed to ultrafine titanium dioxide. Values are mean 
±SE (n = 6). ^p< 0.001; *^ p<0,02 when compared to respective 
control. 
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Fig. 3: Changes in the activity of lactate dehydrogenase in the cell free 
lavage fluid of rats exposed to uitrafine titanium dioxide. Values 
are mean ±SE (n = 6). *p< 0.001; ''p<0.01 when compared to 
respective control. 
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'hible 1 
Lipid peroxidation and hydrogen peroxide generation in alveolar 
macrophages of rats exposed to ultrafine titanium dioxide 
Parameter 
IVeatment period (Days) 
Day 1 Day 4 Day 8 Day 16 
Lipid peroxidation (nmol MDA formed/mg protein/hr) 
Macrophage 
Macrophage + 
NADPH 
(0.4mM) 
Macrophage + 
Fe2+(2.5mM) 
1.97±0.04NS 
(1.88±0.03) 
4.13±0.13NS 
(3.82±0.08) 
5.07±0.09» 
(4.47±0.06) 
2.18±0.07NS 
(1.92±0.10) 
3.92±0.12^ 
(3.41 ±0.05) 
6.10±0.12^ 
(4.92±0.15) 
2.49±0.02'' 
(2.13±0.08) 
4.54±0.09^ 
(3.76±0.07) 
5.980.20a 
(4.73±0.1) 
2.62±0.06^ 
(2.20±0.04) 
4.53 ±0.20*' 
(3.55 ±0.16) 
6.33 ±0.16^ 
(4.86±0.14) 
Hydrogen peroxide (nmol H2O2 formed/min/mg protein) 
Macrophage 2.77±0.07NS (2.75±0.11) 
3.11 ±0.14^8 
(2.90±0.13) 
3.29±0.10=* 
(2.73 ±0.09) 
4.02±0.03^ 
(2.86±0.04) 
Values represent mean ±S.E. (n = 6). Values in parentheses indicate those of 
respective control. NS = non Significant. Significant compared to control, ^p < 0.001; 
''p<0.01. 
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Fig. 4: Changes in the activity of glutathione peroxidase in alveolar 
macrophage of rats exposed to ultrafine titanium dioxide. Values 
are mean ± SE (n = 6). ^p<0.01; '*p<0.05 when compared to 
respective control. 
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Fig. 5: Changes in the activity of glucose 6-phosphate dehydrogenase in 
alveolar macrophage of rats exposed to ultrafine titanium dioxide. 
Values are mean ± SE (n = 6). p < 0.01, p < 0.05 when compared 
to respective control. 
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Fig. 6: Changes in the activity of glutathione reductase in alveolar 
macrophage of rats exposed to ultrafine titanium dioxide. Values 
are mean ±SE (n=6). ''p<0.01; ''p<0.05 when compared to 
respective control. 
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Fig. 7: Changes in the activity of glutathione S-transferase in alveolar 
macrophage of rats exposed to ultrafine titanium dioxide. Values 
are mean ±SE (n = 6), ^p< 0.001; ''p<0.01 when compared to 
respective control. 
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Fig. 8: Decreased glutathione level in alveolar macrophage of rats 
exposed to ultrafine titanium dioxide. Values are mean ±SE 
(n = 6). ^p< 0.001; ' 'p<0.01; '*p<0.05 when compared to 
respective control. 
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Fig. 9: Decreased ascorbic acid level in alveolar macrophage of rats 
exposed to ultrafine titanium dioxide. Values are mean ±SE 
(n = 6). p < 0.05 when compared to respective control. 
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Discussion 
The present preliminary study showed that UF-Ti02 caused an inflammatory 
and cytotoxic response in AM of the exposed animals. Increased populations of AM 
in lung lavage showed inflammatory response of lung to UF-Ti02 which occurred 
due to recruitment of AM as major defensive cells for the purpose of clearance of 
particles from lung (Bitterman et al, 1984), Inflammation can be defined as a 
sequence of events in the lung following deposition of dust, including change in the 
free cell population, primarily characterized by an increase in inflammatory cells 
(Spurzem et al, 1987). Inhalation of mineral dusts may result in massive 
inflammation, formation of ROS and release of proteolytic enzymes (Churg et al, 
1997; Absher et al, 1989; Brown et al, 1991). Increased activities of LDH and AP, in 
cell free lavage fluid could be correlated with the degree of cytotoxic capability of 
UF-Ti02 (Janssen et al, 1992). Petruska etal (1991) had suggested that toxic fibers 
could enhance lipid peroxidation due to the interaction of fibers with the cell 
membrane of AM resulting in release of ROS during phagocytosis. Our results 
showed a gradual increase in the amount of H2O2 released from the cells, reaching 
a maximum at day 16. The overloading of UP- Ti02 as reported by Oberdorster et al 
(1992) may activate the respiratory burst mechanism, leading to an increased H2O2 
production. Schapira et al (1995) had shown the production of hydroxyl radical from 
rat lung exposed to UF-Ti02. The release of these ROS could oxidize 
polyunsaturated fatty acid located in the plasma membrane resulting in the formation 
of breakdown product malondialdehyde (MDA) of lipid peroxidation which is in 
agreement with other mineral fibers (Freeman and Crapo, 1982; Slater, 1984; 
Goodglick and Kane, 1986; Arife^a/, 1993; Vilimefa/, 1995). The cellular antioxidant 
defense system consists of several antioxidant enzymes and induction or inhibition of 
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these enzymes have been reported under oxidative stress (Freeman and Cra|)(), 1982; 
Perchelletefa/, 1987; Sies, 1995). Our data shows an increase in the activities of GPx, 
GR, G6PD and GST throughout the period of exposure to UF-Ti02 which is 
interesting in that they meet the enhanced requirement of reducing equivalents 
needed for the protection of AM from damaging species, such as H2O2 and lipid 
peroxides. Dunbar et al (1984) has showed that lung GR activity depends on 
iimnediate provision of NAPDPH via G6PD activity. Oxidant injury increases the 
G6PD activity in activated AM (Vijeyaratnam and Corrin, 1972). The enhanced 
activity of GPx may be an attempt to protect the cell by converting H2O2 or lipid 
peroxides to water or non-toxic hydro peroxides (Loeb et al, 1988). Inspite of the 
increase in GR, a significant depletion of GSH was observed. The observed decrease 
in the level of GSH might be due to production of ROS in response to UF-Ti02. 
Further, GSH is also a substrate for many of the antioxidant enzymes. The observed 
enhanced activity of antioxidant enzymes in the present study may also explain the 
lowering of GSH in AM. GSH levels are also linked with the regeneration of tissue 
ascorbic acid. A decrease in the ascorbic acid in the present study also suggests that 
the antioxidant machinery of the tissue is not sufficient to cope with the high rate of 
oxidant production by UF-Ti02. In conclusion, our results indicate that the alteration 
in cellular enzymatic and non enzymatic balance due to UF-Ti02 exposure may have 
posed increased toxicity and oxidative stress in AM which may eventually have led to 
pulmonary pathological changes in the lung of UF-Ti02 exposed subjects. In addition, 
the gene expression of these enzymes in lung or cells from lung lavage fluid might be 
a valuable biomarker for chronic inflammation and pulmonary disease after 
inhalation of various air pollutants. In the next chapter the activation of AM and 
peripheral red blood cells (RBC) in response to toxic fibers and particles is reported. 
CHAPTER-4 
Activation of alveolar macrophages and peripheral red blood 
cells in response to toxic fiber/particle 
introduction 
Results 
Discussion 
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Introduction 
Exposure to mineral fibers/particles are associated with lung disorders which 
include inflammatory responses, fibrosis and malignancies (Mossman et al, 1990; Rom 
et al, 1991). Several studies revealed that reactive oxygen species (ROS) play an 
essential mediating role in the particles/fibers induced lung diseases (Kamp et al, 1992; 
Halliwell and Cross, 1994; Meredith and Mc Donald, 1994). The basic mechanism of 
the diverse biochemical events caused by mineral fibers at the molecular and 
subcellular level, i.e. fibrosis, cytotoxicity and carcinogenesis may be linked with the 
interaction of mineral fibers or its organic components with cellular and subcellular 
membranes (Rahman et al, 1983; Mossman et al, 1983). The alveolar macrophages 
(AM), the defensive cells in the process of clearing the inhaled solid particles get 
activated to release ROS. The amount of ROS generated depends upon size, shape, 
physical and chemical properties and durability of the fiber/particle. If the length of 
the fiber is too long as some times in case of asbestos the AM get frustrated and release 
several mediators such as tumor necrosis factor (TNF) and interleukin-l (IL-1) 
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including ROS which accumulate in the airspaces or interstitium (Mossman and 
Marsh, 1991). Particles that are considered innocuous, such as Ti02, can induce 
decrease in lung clearance when administered at concentrations that overload the lung 
clearance mechanisms (Oberdorster ef al, 1992). Alveolar macrophage are protected 
against ROS by an array of endogenous antioxidant defense systems (Fridovich, 1978; 
Fantone and Ward, 1982; Freeman and Crapo, 1982; Babior, 1984). However, during 
prolonged exposure to mineral fibers, production of ROS may occur and this can 
overwhelm or impair cellular antioxidants resulting in enhanced lipid peroxidation, 
enzyme inactivation and protein denaturation (Freeman and Crapo, 1982; Slater, 
1984; Cerutti, 1985). In addition, red blood cells (RBC) and are known as circulating 
antioxidant carriers also come in direct contact with the fibers/particles (Asbeck et 
al, 1984; White et al, 1986). It is interesting to use these cells as markers to assess the 
toxic potential of fibers/particles. 
In the present study, therefore, the lung free cells (AM) and RBC are chosen 
to study the toxic potential of two types of mineral fibers viz. crocidolite and chrysotile 
and a particulate mineral ultrafine titanium dioxide (UF-Ti02). The cytotoxic and 
oxidative responses of these fibers/particles were measured after a single intratracheal 
exposure at one time point when inflammatory and fibrotic reactions are in progress. 
Results 
Fig. 1 shows the effect of three different fibers/particles on the population of 
AM one month after exposure. The maximum increase was noticed in case of 
crocidolite (50%) followed by chrysotile (48%) and UF-Ti02 (32%) indicating 
defensive response in the same order. A significant increase in the activities of AP 
and LDH was observed in the cell free lung lavage fluid. The increase in the activity 
of LDH with crocidolite exposed animals was 36% followed by chrysotile 35% and 
with UF Ti02 17%, whereas the increase in the activity of AP was maximum in case 
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Fig. 1: Alveolar macrophages (AM) population and changes in the 
activities of acid phosphatase (AP) and lactate dehydrogenase 
(LDH) in the cell free lung* lavage fluid of rats one month after 
exposure. Values are calculated as percent of control levels. The 
respective control values [mean ±SE (n = 6)] were: AM, 15.72 
±0.48 X 10^ cells/3 lungs; AP, 18.12±1.22 n mol 4-nitrophenol 
produced/min/mg protein; LDH, 81.72±4.64 n mol NADH 
a h 
oxidized/min/mg protein. p< 0.001; p<0.01 (compared to 
control). 
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of chrysotile (77%) than in crocidolite (66%) and UF-Ti02 (42%) compared to their 
respective controls. 'I'he Increase In protein content In cell free lung lavage fluid also 
showed the similar increasing pattern maximum with crocidolite followed by 
chrysotile and minimum with UF-Ti02 (Fig. 2). 
Fig. 3 shows increase production of thiobarbituric acid reactive substances 
(TEARS) in AM one month after exposure, showed an increase by 107%, 95% and 
43% with crocidolite, chrysotile and UF-TIO2 respectively when compared to their 
control. NADPH- induced lipid peroxidation also showed the similar pattern with 
maximum in case of crocidolite (117%) followed by chrysotile (107%) and minimum 
with UF-TiOi (33%). A significant increase in the generation of hydrogen peroxide 
(H2O2) was also observed with the similar pattern of increase i.e. 59%, 53% and 22% 
by crocidolite, chrysotile and UF-Ti02 respectively. In RBC of the exposed animals 
a significant increase in lipid peroxidation was observed, with crocidolite (49%) and 
chrysotile (38%) and with UF-Ti02 the increase was non-significant. The 
NADPH-induced lipid peroxidation was 78% with crocidolite, 60% with chrysotile 
and with UF-Ti02 there was no significant change (Fig. 4), 
A decrease in the activities of GPx and GR in AM was observed as shown in 
Tkble - 1. A significant decrease in the activity of GPx was observed in the case of 
crocidolite and chrysotile, 18% and 14% respectively. A similar pattern of decrease 
in the activity of GR by 22% and 12% with crocidolite and chrysotile was observed. 
Tkble - 2 shows a decrease in the activities of GPx and catalase in RBC. The decrease 
in the activity of GPx was maximum in case of chrysotile (37%) followed by crocidolite 
(21%). There was no significant change with UF-Ti02 in the activities of both GPx 
and GR in AM and RBC in the exposed animals. Whereas the decrease in the activity 
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Fig2: Protein content in cell free lung lavage fluid of rats one month after 
exposure. Values are mean ±SE (n = 6). *p< 0.001; p <0.01 
(compared to control). 
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Fig3: Changes in the hpld peroxidation (LPO) and hydrogen peroxide 
(H2O2) profile in the alveolar macrophages of rats one month 
after exposure. TTie final concentration of NADPH was 0.4 mM. 
Each value represents percent of control. Control values [mean 
±SE (n=6)] were: LPO, 1.83±0.05 n mol MDA formed/mg 
protein/hr; NADPH-dependent f.PO, 3.64±0.11 n mol MDA 
formed/mg protein/hr; U2O2, 2.58±0.n4 n mol produced/min/mg 
protein, ^p < 0.001; ''p < 0.01 (compared to control). 
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Fig.4: Changes in the lipid peroxidation (LPO) profile in the red blood 
cells of rats one month after exposure. The final concentration of 
NADPH was 0.4 mM. Each value represents percent of control. 
Control values [mean ± SE (n = 6)] were: LPO, 0.260± 0.04 n mol 
MDA formed/mg protein/hr; NADPH-dependent LPO, 0.611 
±0.06 n mol MDA formed/mg protein/hr. '*p< 0.001; ''p<0.01 
(compared to control). 
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l^ble 1 
Changes in the activities of glutathione peroxidase and glutathione 
reductase in the alveolar macrophages of rats one month after exposure. 
Control 
Crocidolite 
Chrysotile 
UF-Ti02 
Glutathione 
peroxidase 
250.18±4.6 
205.28±3.5« 
215.30±2.8^ 
240.10±2.1 
Glutathione 
reductase* 
40.20±2.1 
31.60± 1.9*^  
35.50± 1.0 
38.34±3.0 
_ 
n mol NADPH oxidized/min/mg protein. Values represent mean ± S.E. (n = 6). 
Significant compared to respective control, p^ < 0.001; *^p < 0.02. 
Table 2 
Changes in the activities of glutathione peroxidase and catalase in the 
red blood cells of rats one month after exposure. 
Control 
Crocidolite 
Chrysotile 
UF-Ti02 
Glutathione peroxidase* 
175.6±4.00 
138.70±3.82« 
110.38±2.98^ 
162.69±3.2ld 
Catalase 
22.27± 1.20 
12.75 ± 1.90^  
12.87±0.45^ 
15.50± 1.00^  
n mol NADPH oxldized/mln/mg protein; n mol H2O2 decomposed/mln/mg 
protein. Values represent mean ±S.E. (n = 6). Significant compared to control 
•p< 0.001; *'p< 0.05. 
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of catalase was 43%, 42% and 30% in case of crocidolite, chrysotile and UF-Ti02 
respectively compared to their control. 
As shown in Table - 3 the glutathione (GSH) content in AM is depleted in all 
the three exposed groups, crocidolite 36%, chrysotile 32% and with UF-Ti02 25%. 
A decrease in the level of ascorbic acid was also noticed but it was significant only in 
the case of crocidolite (22%) and chrysotile (21%) but not in the case of UF-Ti02. 
Table - 4 showed a decrease in GSH content and ascorbic acid in RBC. The maximum 
decrease was with crocidolite followed by chrysotile and with UF-Ti02 there was no 
significant change. 
Histopathology of rat lungs one month after crocidolite, chrysotile and UF-Ti02 
exposure as well as of control is shown in Figs. 5-10. In crocidolite exposed rat lungs, 
interstial septa show mild inflammatory infiltrate, normal as well as thickened alveolar 
septa with the thickened wall showing increased connective tissue and accumulation 
of inflammatory cells. Crocidolite fibers of varying sizes can be seen in aberrantly 
thickened area of interalveolar cormective tissue and in the septal wall (Figs. 6-7). 
The lung of chrysotile exposed rats shows thickened alveolar septa and blood vessel. 
Inflammatory cells such as neutrophils and macrophages could be pbserved 
surrounding the blood vessel and the thickened interalveolar septum. In the lung 
parenchyma acute as well as chronic inflammatory cell infiltration could be seen 
(Figs. 8-9). In the case of UF-Ti02 exposure at the same time interval mild 
inflarmnation and disruption of the septal wall at some places is observed with 
inflammatory changes in the alveolar spaces end wall as shown in Fig. 10. 
Discussion 
Inhalation of fibers/particles leads to inflammation and a variety of malignant 
and non-malignant disorders and that depends upon the type of fiber and the extent 
Activation of AM & RBC by fiber/particle 76 
Table 3 
Changes in the glutathione and ascorbic acid content in the alveolar 
macrophages one month nflcr exposure. 
Control 
Crocidolite 
Chrysotile 
UF-Ti02 
Glutathione 
7.29±0.11 
4.68±0.15^ 
4.93 ±0.09^ 
5.42±0.12* 
Vitamin C 
2.09 ±0.05 
1.64±0.10^ 
1.63 ±0.07^ 
2.05 ±0.09 
n mol GSH/mg protein; n mol ascorbic acid/mg protein. Values represent mean 
± S.E. (n = 6). Significant compared to control ^p < 0.001. 
Table 4 
Changes in the glutathione and ascorbic acid content in the red blood 
cells one month after exposure. 
Control 
Crocidolite 
Chrysotile 
UF-Ti02 
Glutathione 
349±9.00 
2821±3.00« 
290±8.40^ 
316± 11.23'' 
Vitamin C** 
33.27± 1.76 
25.38±2.14'^ 
26.45 ±1.92^* 
30.71 ±1.53 
^gGSH/mlRBC; /<g ascorbic acid/ml RBC. Values represent mean ±S.E. (n = 6). 
Significant compared to control. *p < 0.001; ''p < 0.02; ^ p < 0.05. 
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Fig. 6: Photomicrographs of sections of rat lung one month after 
crocidolite exposure (a) The interstial septa show mild 
inflammatory infiltrate ( - ) . Alveolar spaces appear normal, (b) 
High power view of alveolar septa to show many crocidolite fibers 
( > ) aberrantly thickened area of interalveolar connective tissue. 
ax350,bxl40U. 
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Fig. 7: Photomicrographs of sections of rat lung one month after 
crocidohte exposure, (a) Normal as well as thickened alveolar 
septa can be visualized. The thickened wall shows increase 
coimective tissue (> ) and accumulation of inflammatory cells 
(*). (b) The same section under high power of microscope to 
shown several crocidolite fibers (->) of varying sizes in the septal 
wall, making it thick, a x 350, b x 1400. 
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Fig. 8: Photomicrographs of sections of rat lung one month after 
chrysotile exposure, (a) A thickened alveolar septa and a blood 
vessel (-•) can be easily discerned. Inflammatory cells (*) in 
abundance surround the blood vessel (BV). (b) Small and 
rounded inflammatory cells can be seen in the thickened 
interalveolar septum (=>). a & b x 350. 
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Fig. 9: High power photomicrographs of sections of rat lung one month 
after chrysotile exposure, (a) Lung parenchyma showing acute as 
well as chronic inflammatory cell (*) infiltration and macrophages 
(M). (b) Thickened septa wall (SW) with inflammatory cell 
excudate and surrounded by macrophages in abundance, 
a & b X 1400. 
Activation of AM A liliChyfilwr/paitirlc K2 
Fig. 10: Photomicrographs of sections of rat lung one month after UF-Ti02 
exposure, (a) The septal wall appear normal except for mild 
inflammation (-») and disruption of the septal wall ( # ) at some 
places, (b) High power section showing areas with inflammatory 
changes in the alveolar spaces end wall (-») and mild thickening of 
the septal wall (=>). ax 350, b x 1400. 
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of exposure ( Mossman et al, 1990). The present studies showed an increase in the 
number of AM in the fiber/particle exposed animals as a defensive mechanism for the 
purpose of clearance of fibers/particles from the lung (Bitterman et al, 1984). Further, 
the increased activities of lysosomal enzyme (AP) and cytoplasmic enzyme (LDH) in 
the cell free lung lavage fluid of experimental animals, showed leakage of these 
enzymes, indicating damage to AM membrane. An increase in protein content in the 
cell free supernatant may be due to leakage of internal constituent from injured AM 
or may be due to damage to neutrophils {Aiifet al, 1997; Ghio et al, 1998). Elevation 
of these parameters in cell free lung lavage fluid demonstrates different types of toxic 
lesions in the lung: increased permeability to frank cell lysis (AP, LDH), injury of the 
alveolar capillary barrier (protein) and acute inflammatory process (total cell 
number) (Salovsky et al, 1998). These inflammatory and cytotoxic responses induced 
by crocidolite and chrysotile are almost of the same potential, while UF-Ti02 showed 
far less toxicity in comparison to the above mentioned fibers. Phagocytosis of mineral 
fibers/particles by AM activate a membrane bound NADPH oxidase leading to the 
formation of ROS. This effect is also more pronounced with fibrogenic and 
carcinogenic mineral fibers (Mossman and Marsh, 1991), which is in agreement with 
the present findings. The induction of H2O2 is maximum with crocidolite followed 
by chrysotile and minimum with UF-Ti02. The H2O2 produced by AM may interact 
with the iron present on the surface of mineral fibers/particles via Fenton reaction to 
produce highly reactive hydroxyl radicals (Halliwell and Gutteridge, 1984; Weitzman 
and Graceffa, 1984; Zalma et al, 1988). These hydroxyl radical cause damage to the 
polyunsaturated fatty acid of the plasma membrane as shown by marked increase in 
thiobarbituric acid reactive substances in AM. 
The Impact of fiber induced oxidative stress was also observed in RBC. Like 
AM the maximum increase was with crocidolite followed by chrysotile and minimum 
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with UF-Ti02. The pattern of the synergistic increase in the 'IBARS upon addition of 
NADPH to the reaction mixture also remained the same in both AM as well as in 
RBC. There are reports about the inflammation in lung resulting in concomitant 
changes in the antioxidative system and lipid peroxidative products in RBC (Yarosz, 
1984). In the present studies the significant inflammatory responses seen in the RBC 
reflected the same order of severity as those seen in AM and cell free lavage fluid: 
crocidolite> chrysotile> UF-Ti02. 
Studies have indicated that antioxidant enzymes play a crucial role in the defense 
of manmialian lung from oxidative damage as these enzymes are involved in the 
removal of ROS and are shown to be induced or inhibited in lung cells exposed to 
different toxicants (Heffner and Repine, 1989; Arii et al, 1993, 1997; Ouinlan et al, 
1994). Our studies have shown a decrease in the activities of GPx and GR in AM, and 
GPx and catalase in RBC. Due to decreased activities of GPx and catalase it appears 
that these enzymes are less efficiently involved in the decomposition of H2O2 
indicating further oxidative stress. In the present study the alterations in the activities 
of the antioxidant enzymes and the extent of oxidative stress followed the similar 
pattern i.e. crocidolite followed by chrysotile and least with UF- Ti02. 
Further, a significant depletion in the content of soluble antioxidant i.e. in GSH 
and ascorbic acid levels was also observed in AM and RBC of rats exposed to 
crocidolite and chrysotile. In the case of UF-Ti02 a depletion in the content of GSH 
was observed in only AM, but to a lesser extent in comparison to crocidolite and 
chrysotile. The decrease in alveolar macrophage GSH content may be due to its 
release in the cell free lung lavage fluid to meet the challenge of oxidative burden 
induced by mineral fibers/particles as demonstrated by Boehnie et al (1992) and also 
from our own unpublished studies. Decreased GSH content in blood may be due to 
excessive release of ROS by AM in lung tissue which consumes GSH directly or 
indirectly via lipid peroxidation (Engelen et al, 1990). Cantin et al (1990) had shown 
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that decreased level of GSH in RBC may be associated with increased lung fibroblast 
proliferation. Both GSH and ascorbic acid can function directly in the destruction of 
ROS and its lower level indicates oxidative stress (Khan et al, 1990; Cantin and Begin, 
1991; Martensson and Meister, 1991). Patterson and Rhoades (1988) reported that 
GSH responds to toxic challenge in two ways. Firstly, it brings the cellular components, 
proteins in particular, to their normal redox state and thus restoring normal function. 
Secondly, it acts to detoxify ROS, thereby preventing subsequent cell injury and hence 
edema. The leakage of protein and the induction of ROS in the present study may be 
due to decrease in GSH and ascorbic acid levels, which may be causing less protection 
of pulmonary system against the toxic fibers/particles. 
Histopathological findings were consistent with earlier reports (Craighead et al, 
1982; Brody and Roe, 1983; Pinkerton et al, 1986). One month after exposure to 
mineral fibers, the first cellular response is the accumulation of inflammatory cells at 
the site of fiber deposition. Further an inflammatory reaction, accumulation of 
myofibroblasts, and increased volume of interstial matrix was also noticed. Mineral 
fibers were seen in epithelial cells. In the case of UF- Ti02 the inflammatory response 
as observed by histopathological changes appear to be mild. This needs further 
studies. 
The most significant finding of the present study is the toxic response of 
fibers/particles in the order of their pathogenicity i.e. crocidolite > chrysotile > 
UF-Ti02 in both the systems. Crocidolite the most toxic and known carcinogenic fiber 
induced maximum cytotoxic and oxidative stress followed by chrysotile, although the 
differences were not significant at this stage of exposure. On the other hand in 
comparison to both the mineral fibers, UF-Ti02 induced far less toxicity as well as 
oxidative stress. Further, the present study also revealed that at an early stage when 
cytotoxic, inflammatory and oxidative responses of the exposed AM were damaging 
the lung tissue, the same responses were reflected in the RBC also. These biomarker 
may be used as a tool to study the comparative and early changes with different 
fibers/particles having different toxic potential. 
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Introduction 
Several studies have shown depletion of soluble antioxidant like glutathione 
(GSH) by mineral fibers (Janssen et al, 1995a; Arif e^  al, 1997). In the previous chapter 
a significant decrease in the content of GSH by the exposure of toxic fibers/particles 
has been reported. GSH a cellular antioxidant has been shown to protect cells against 
oxidative stress induced by several toxicants including mineral fibers (Hei et al, 1995). 
There are several inter-related pathways of antioxidant mechanisms which appear to 
be involved in cellular defense against reactive oxygen species (ROS) (Janssen et al, 
1993). High concentration of GSH are found in lung cells and fluids which act as the 
major antioxidant defense, specially in regulating the extent and duration of oxidative 
"burst" that have been postulated as signals for selective gene expression during 
cellular proliferation and differentiation ( Cantin et al, 1987; Cantin and Begin, 1991). 
Indirectly. GSH has also been implicated in the control of events leading to gene 
expression and in the initiation of the programmed cell death (Kurita and Namiki, 
1994). More recently depletion in cellular GSH by asbestos has been shown to involve 
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a cascade of events leading to expression of c-fos and c-jun tiie proto-oncogenes 
(Janssen et al, 1995a). 
Inspite of several studies indicating involvement of GSH in the toxicity of 
mineral fibers, its role in the pathogenicity of these fibers is not clearly elucidated in 
vivo . In the present study, therefore, an attempt has been made to study the role of 
GSH and GSH redox cycle enzymes during the developmental stages of asbestosis. 
Results 
Asbestos induced depletion in GSH level of rat lung AM and blood is given in 
Fig. 1 and 2 respectively. At the initial stages of exposure when cytotoxic and AM 
defensive reactions have taken place, a gradual and progressive depletion of GSH was 
observed in AM with a maximum depletion i.e. 50% on day 16th of the exposure 
as reported in Fig. 1. 
Fig. 2 shows a decrease in blood GSH which was studied upto 150 days of 
exposure. A significant decrease was observed on day 16th (20%) further decreasing 
to 22% and 28% on day 30th and 150th respectively. 
In the other set of experiment, estimations were conducted in the exposed lung 
from day 1 to day 150. Fig. 3 shows depletion in GSH in the cytosolic fraction of the 
exposed lung. The depletion starts from day 16 reaching maximum on day 150 of the 
exposure i.e. 55% depletion. 
Another soluble antioxidant ascorbic acid followed the similar pattern, the 
depletion in ascorbic acid starts from day 8 reaching maximum at day 150 of the 
exposure i.e. 40% depletion as shown in Fig. 4. 
The results given in Figs. 5-7, revealed a significant increase in the activities of 
GPx, GR and G6PD at all time periods after asbestos exposure. Fig. 6 shows the 
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Fig. 1 : Changes in the glutathione content in alveolar macrophages of rats 
exposed to chrysotile. Values are mean ±SE (n = 6). *p< 0.001; 
p < 0.01 (compared to control). 
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Fig. 2 : Changes in the glutathione content in the blood of rats exposed to 
chrysotile.. Values are niean±SE (n = 6). ^p< 0.001; **p<0.01 
(compared to control). 
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Fig. 3: Changes in glutathione content in the lungs of rats exposed to 
chrysotile. Each value represent percent of control. Control value 
[mean ± SE (n = 6)] was 89.36±3.8 n mol GSH/mg protein, 
^p < 0.001; ''p < 0.05 (compared to control). 
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Fig. 4: Changes in ascorbic acid content in the lungs of rats exposed to 
chrysotile. Each value represent percent of control. Control value 
[mean ±SE (n = 6)] was 27.80±0.70 n mol ascorbic acid/mg 
protein, p^ < 0.001; p < 0.01 (compared to control). 
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Fig. 5: Changes in the activity of cytosolic glutathione peroxidase in the 
lungs of rats exposed to chrysotile. Each value represent percent 
of control. Control value [mean ± SE (n = 6)] was 207± 4.67 n mol 
NADPH oxidized/min/mg protein. V < 0.001; '^'p<0.01 
(compared to control). 
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Fig. 6: Changes in the activityof cytosoUc glutathione reductase in the 
lungs of rats exposed to chrysotile. Each value represent percent 
of control. Control value [mean ± SE (n = 6)] was 34.14± 1.69 n 
mol NADPH oxidized/min/mg protein. ^p< 0.001; ''p<0.01 
(compared to control). 
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Fig. 7: Changes in the activity of cytosolic glucose 6-phosphate 
dehydrogenase in the lungs of rats exposed to chrysotile. Each 
value represent percent of control. Control value [mean ± SE 
(n = 6)] was 19.32± 1,14 n mol NADPH formed/min/mg protein, 
^p < 0.001; ^p < 0.01; '^ p < 0.02; ''p < 0.05 (compared to control). 
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induction in the activity of GPx in the cytosoHc fraction of exposed lung. The 
maximum increase in GPx was observed at days 90 and 150 i.e. 133% and 129% of 
the control respectively. OR activity was significantly induced at all time intervals 
with a maximum increase (103%) was observed on day 4 in exposed groups as 
reported in Fig. 6. A gradual and progressive increase in the activities of G6PD was 
observed which reached to its maximum at day 150 (Fig. 7). 
Fig.8 shows a slight decrease in the activity of GST throughout the period of 
experiment as compared to their controls. 
A significant increase in the production of malondialdehyde (MDA) in lung 
microsomes (Figs. 9-11) isolated from chrysotile exposed rats was observed which was 
persistent throughout the time period. The maximum increase was recorded from 
day 1 to day 8, than in comparison slight decrease was observed which increased again 
on day 150 of the exposure. 
Discussion 
Glutathione (GSH) in the lung lining fluid plays a critical role in protecting the 
lung from oxidative stress by detoxifying exogenous toxicants and quenching ROS 
(Heffner and Repine, 1989). A decrease in GSH content and alteration in its redox 
cycle engines may give insight into oxidant induced damage in lung cells. The data 
of the present study reveals the toxicity induced by mineral fibers which is shown with 
a significant and progressive decrease in the GSH content of lung lavage cells, blood 
and tissue in chrysotile exposed rats. In alveolar macrophages (AM), GSH starts 
depleting from day 1 reaching maximum on day 16th to almost 50% of the control. 
This decrease in the GSH content of AM is an early event in inflammatory response 
(Boehme et al, 1992). Boehme et al (1992) have demonstrated that GSH is released 
from AM in response to different mineral fibers during in vitro incubation. The 
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Fig. 8: Changes in the activity of cytosoiic glutathione S-transferase in the 
lungs of rats exposed to chrysotile. Each value represent percent 
of control. Control value [mean ±SE (n = 6)] was 123.68±4.79 n 
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Fig. 9: Changes in lipid peroxidation profile in the lung microsomes of 
rats exposed to chrysotile. Each value represent percent of control. 
Control value [mean ±SE (n = 6)] was 1.60±0.15 n mol MDA 
formed/mg protein/90 minutes, ^ p < 0.001; p < 0.01 (compared to 
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Fig. 10: Changes in the enzymatic lipid peroxidation profile in the lung 
microsomes of rats exposed to chrysotile. The final concentration 
of NADPH was 0.4 mM. Each value represent percent of control. 
Control value [mean ± SE (n = 6)] was 2.30±0.16 n mol MDA 
formed/mg protein/90 minutes, ^ p < 0.001; p < 0.01 (compared to 
control). 
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authors speculated that GSH released by AM contributes to the protective mechanism 
of the cell against toxic damage by these fibers. Evidences showed that modulation 
of GSH levels enhances the toxicity caused by a variety of lung toxicants including 
mineral fibers (Shen et al, 1990; Weber et al, 1990; Boehme et al, 1992). 
A gradual depletion in blood GSH was also observed in our studies which 
reaches maximum at day 150, a stage when fibrosis is matured (Arif JM, 1992). 
Engelen et al (1990) and Cantin et al (1990) suggested that decreased GSH content 
in blood may be due to excessive release of ROS by AM in lung tissue which consumes 
GSH as a result of increased lung fibroblast proliferation. Evelo et al (1993) have also 
reported decreased level of blood GSH in coal miners at early stages of 
pneumoconiosis. The depletion of GSH in the blood at the advanced stage of 
asbestosis is reported for the first time in the present study. It appears that in the 
exposed tissue the depletion in GSH content starts from the proliferative stage and 
shows the maximum effect when fibrosis sets in and matures at days 90 and 150. 
Several authors have also reported pulmonary oxidative injury associated with 
decreased GSH pool in the cellular, tissue and epithelial lining layer (Patterson and 
Rhoades, 1988; Cantin et al, 1989; Deneke and Fanburg, 1989; Weber et al, 1990). 
Mossman et al (1997) have shown that mineral fibers can trigger alterations in gene 
expression by initiating cell signaling pathways regulating NF- /cB (nuclear factor), 
NF-/cB is important in regulating a number of genes intrinsic to inflammation, 
proliferation and lung defense. These changes can be ameliorated by increasing 
cellular glutathione content (Janssen et al, 1995b; Blackwell et al, 1996). Thus, 
depletion in the GSH level may be one of the causative factor for the development of 
mineral fiber induced pulmonary injury and cell proliferation. 
in the present study, another soluble antioxidant ascorbic acid was also depleted 
significantly, from proliferative to fibrotic stages, may further deteriorate the 
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antioxidant defenses making the system more vulnerable to oxidative attack 
(Martensson and Meister, 1991). Skoza et al (1983) had emphasized the role of 
ascorbic acid in protecting the lung cells against various environmental toxicants. 
Moreover, the level of ascorbic acid in cellular system is closely linked with its GSH 
content (Meister, 1994). Khan etal( 1990) have also observed the depletion of ascorbic 
acid induced by mineral fibers. 
An increase in the activities of all the primary and secondary glutathione 
dependent antioxidant enzymes was observed in the chrysotile exposed rats. The 
observed tendency of increase in GR and G6PD appears to be a defensive metabolic 
adaptation to mammalian GSH pool during the initiation and progression of 
asbestosis. Elevated level of GR and G6PD activities were observed in lung cells 
following oxidative injury (Vijeyaratnam and Corrin, 1972; Witshi, 1977; Dunbar t/ 
al, 1984). Alteration in both primary and secondary antioxidant enzymes are reported 
in lung cells during oxidative stress conditions imposed by different toxicants (White 
andRepine, 1985; Heffner and Repine, 1989;Janssene/a/, 1990;Quinlanefa/, 1994). 
The maximum increase in GPx activity was observed between day 90 and 150 of 
mineral fiber exposure when fibrosis sets in. It may, possibly be due to the fast 
removal of ROS. Janssen et al (1992) have shown that enhanced activity of 
antioxidant en^mes after mineral fibers exposure were due to the increased 
transcription of these enzymes by their respective mRNA at gene level. A decrease 
in the activity of GST after chrysotile exposure was also observed. Hirvonen et ul 
(1996) found that individuals genetically deficient in GST were more susceptible to 
mineral fibers related lung inflammation and fibrogenesis which may further 
deteriorate the situation. 
The inverse relation between peroxidative decomposition of membrane 
polyunsaturated fatty acid (PUFA) and GSH is well established (Anundi, 1979; 
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Gibson et al, 1985; Shen et al, 1990). In present study, the decrease in GSII level is 
accompanied by a significant increase in microsomal lipid peroxidation (LPO). LPO 
was significantly increased during 1-8 days, subsequently TEARS formation tended 
to decrease as the activities of antioxidant enzymes were increased (Anundi, 1979). 
Howden and Faux (1996) found that fiber induced LPO leads to DNA adduct 
formation in rat lung fibroblast and also its formation is closely related with the 
cellular GSH pool. 
It may be concluded from the present studies that exposure to chrysotile fibers, 
initiate oxidative stress with decrease of GSH, and as a protective mechanism, 
modulation of GSH redox cycle enzymes occurs. Asbestos exposure causes a cascade 
of reactions leading to oxidative stress, cytotoxicity, cell proliferation, fibrosis, genetic 
disorders and malignancies and these may be due to alteration in GSH redox enzymes 
(Fig. 12). 
These are the first in vivo data to the best of my knowledge which shows 
depletion in GSH content and alteration in its redox system enzymes during early as 
well as advanced stages of asbestosis. It also shows that the decrease in cellular GSH 
may serve as an early indicator of lung diseases, whereas enzymatic changes may give 
an insight into proliferative and asbestotic stage of diseased animals. Further studies 
are required to see the therapeutic potential of GSH in treatment/prevention of 
oxidative injury by mineral fibers. As GSH plays a major role in regulating cell 
proliferation in part by redox sensitive transcriptional factor, studies are required to 
elucidate the role of this versatile molecule at genetic level also. In the next chapter 
an attempt has been made to monitor the protective effect of N-acetylcysteine (NAC) 
in asbestos exposed animals at an early stage. 
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Introduction 
In the previous chapter a significant depletion in the level of glutathione (GSH) 
was observed in asbestos exposed animals in the cellular fraction of the lung at an 
early stage of exposure. In the lung of pulmonary exposed animals, the depletion 
started from the proliferative stage and reached to its maximum at fibrotic stages. As 
discussed earlier the GSH depletion may induce a cascade of toxic manifestations in 
the system including predominantly oxidative stress. Glutathione and its redox cycle 
enzymes are one of the most important antioxidant defense mechanisms in 
mammalian cells (Quinlan et al, 1994). An imbalance between oxidants and 
antioxidants is involved in the pathogenesis of disease. Further high concentration of 
GSH in lung cells plays a critical role in the protection of lung against oxidative 
damage (Cantin et al, 1987). Previous studies from our laboratory have showed that 
mineral fibers caused oxidative stress and depletion in intracellular GSH content in 
the model epithelial cells and alveolar macrophages (AM) (Khan et al, 1990; Akiifet 
al, 1997). Janssen et al (1995a) have showed depletion of cellular GSH in pleural 
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mesothelial cells exposed to mineral fibers and its involvement in the cascade of events 
leading to expression of c-fos and c-jun protooncogene. N-acetylcysleliie (N AC), a 
precursor of GSH developed in the sixties is used as a mucolytic drug, because this 
aminothiol is antimutagenic and anticarcinogenic and used as a potential 
chemopreventive agent (DeVries and De Flora, 1993; Sarnstrand era/, 1995; De Flora 
et al, 1995; Van Zandwijik, 1995a). It acts by raising intracellular concentration of 
cysteine, and hence of GSH, and/or by the scavenging of oxidant species (Simon and 
Suttorp, 1985 Aniome et al, 1989). N-acetylcysteine undergoes a rapid deacylation in 
the cells and provides a rate-limiting amino acid (cysteine) needed for intraccihilar 
synthesis of GSH, thereby replenishing the depleted levels of GSH in the target cells 
(Meister and Anderson, 1983). 
In the present study therefore NAC is used to see whether it has any protective 
effect against asbestos-mediated depletion of GSH and oxidative stress in rat AM in 
vivo after 1,4,8 and 16 days of exposure. The oxidative stress parameters in cellular 
(AM) and acellular fractions (cell free lung lavage fluid) was assessed by measuring 
the production of H2O2, TEARS, depletion of GSH and the alteration of GSH redox 
cycle enzymes regulating oxidative tone. 
Results 
As shown in Fig. 1, a significant increase in AM populations was observed in the 
lung lavage of chrysotile exposed rats throughout the period of exposure when 
compared to their respective control and NAC treated groups. When chrysotile + 
NAC groups was compared to chrysotile group a non-significant decrease in AM 
population was noticed. A similar pattern of increase in the protein content in 
acellular fractions of the lung lavage was observed in chrysotile exposed groups when 
compared to their control and NAC treated groups. Non significant change was 
observed when chrysotile + NAC group was compared to chrysotile alone (Fig. 2). 
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Fig. 1: Alveolar macrophage populations in the rats exposed to NAC, 
chrysotile and their combination. Values are means ± SE (n = 6). 
^p < 0.05 (compared to control and NAC groups). 
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Fig. 2: Protein content in the acellular fraction of the lung lavage fluid of 
rats exposed to NAC, chrysotile and their combination. Values are 
means ±SE (n = 6). "p<().()5 (compared to control and NAC 
groups). 
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An increase in AM protein content was also observed in chrysotile treated groups 
when compared to their respective control and NAC treated groups and this was 
significant till day 8 and a non-significant increase was noticed on day 16. In the 
chrysotile + NAC treated group this change was also not significant (Fig. 3). These 
observation indicate that NAC do not have any effect on cell population and on 
protein content. 
As shown in Fig. 4 a significant increase in H2O2 production was observed 
throughout the period of exposure in chrysotile exposed group when compared to 
their control and NAC treated groups. Flowever when chrysotile 4- NAC group was 
compared to chrysotile exposed group a significant decrease in H2O2 production was 
observed on day 8 (22%) and day 16 (26%). 
A significant increase in lipid peroxidation (LPO) was observed in both the 
systems (cellular and acellular fractions) in chrysotile exposed group throughout the 
period of exposure when compared to control and NAC treated groups (Fig. 5,6). 
However, a significant decrease in LPO was observed in the cellular fractions of 
chrysotile + NAC group on day 8 (24%) and day 16 (31%) when compared to 
chrysotile group. Whereas a significant decrease in LPO was observed on day 16 
(27%) in the acellular fraction of chrysotile + NAC group when compared to their 
respective chrysotile group. 
Fig. 7 and 8 showed a decrease in GSH content in both the systems (cellular and 
acellular fractions) throughout the period of exposure in chrysotile exposed rat when 
compared to their respective control and NAC treated groups. The decrease was 
significant in AM throughout the period of exposure whereas in lung lavage fluid a 
significant decrease was observed on day 8 and 16. A significant recovery in GSH 
content in chrysotile + NAC group was observed on day 8 (32%) and day 16 (36%) 
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Fig. 3: Protein content in alveolar macrophage of rats exposed to NAC, 
chrysotile and their combination. Values are means ± SE (n = 6). 
*p < 0.05 (compared to control and NAC groups). 
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Fig. 4: Changes in the profile of hydrogen peroxide generation in the 
alveolar macrophage of rats exposed to NAC, chrysotile and their 
combination. Values are mean ± SE (n = 6). *p < 0.05 (compared 
to control and NAC groups), p < 0.05 (compared to chrysotile). 
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Fig. 5: Changes in the profile of lipid peroxidation in the alveolar 
macrophage of rats exposed to NAC, chrysotile and their 
combination. Values are mean ± SE (n = 6). ^p < 0.05 (compared 
to control and NAC groups), p < 0.05 (compared to chrysotile). 
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Fig. 6: Changes in the profile of Hpid peroxidation in the acellular fraction 
of lung lavage of rats exposed to NAC, chrysotile and their 
combination. Values are mean ± SE (n = 6). ^ p < 0.05 (compared 
to control and NAC groups), p < 0.05 (compared to chrysotile). 
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Fig. 7: Changes in the glutathione content in the alveolar macrophage of 
rats exposed to NAC, chrysotile and their combination. Values are 
mean ±SE (n = 6). ^p<0.05 (compared to control and NAC 
groups), p < 0.05 (compared to chrysotile). 
Chrysotile, ROS & N-acetylcysteine 114 
Fig. 8: Changes in the glutathione content in the acellular fractions of the 
lung lavage fluid of rats exposed to NAC, chrysotile and their 
combination. Values are mean ± SE (n = 6). ^p < 0.05 (compared 
to control and NAC groups), p < 0.05 (compared to chrysotile). 
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whereas in case of acellular fraction the recovery in GSH content was significant on 
day 16 (34%) when compared to their respective chrysotile group. 
Fig. 9 exhibit a significant decrease in the activity of GPx in cellular fractions 
throughout the period of exposure in chrysotile exposed rats when compared to their 
respective control and NAC treated group. However, a significant increase in the 
activity of GPx was noticed in chrysotile + NAC group from day 1,4,8 and 16 by 27%, 
40%, 16% and 17% respectively when compared to chrysotile alone indicating NAC 
is maintaining GPx activity gradually to acquire the normal basal level. 
A significant decrease in the activity of GR in chrysotile exposed rats was 
observed on day 1 and 4. Whereas the enzymatic profile was gradually enhanced 
afterward when compared to control and NAC treated group. An increase in GR 
activity was observed in chrysotile + NAC group on day 1 (25%) and day 4 (30%) 
whereas a decrease was observed on day 8 (21%) and day 16 (23%) when compared 
to chrysotile group. The results further shows that NAC is helping the system to 
acquire the normal basal activity (Fig. 10). 
As shown in Fig. 11, G6PD activity was enhanced throughout the period of 
exposure in chrysotile exposed rats when compared to control and NAC treated 
groups. However a significant decrease in G6PD activity was observed in chrysotile 
+ NAC group on day 4 (19%) and day 8 (21%) when compared to chrysotile alone, 
reaching to its normal level. 
Discussion 
Several previous studies have shown that inhalation of mineral fibers lead to 
inflammation and varieties of malignant and non- malignant disorder (Mossman et al, 
1990). Alveolar macrophages are the major population of immune and inflammatory 
effector cells at the interface between external and internal environment involved in 
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Fig. 9: Changes in the activity of glutathione peroxidase in the alveolar 
macrophage of rats exposed to NAC, chrysotile and their 
combination. Values are mean ± SE(n = 6). *p < 0.05 (compared 
to control and NAC groups), p < 0.05 (compared to chrysotile). 
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Fig. 10: Changes in the activity of glutathione reductase in the alveolar 
macrophage of rats exposed to NAC, chrysotile and their 
combination. Values are mean ±SE(n = 6). "p < 0.05 (compared 
to control and NAC groups), p < 0.05 (compared to chrysotile). 
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Fig. 11: Changes in the activity of glucose 6-phosphate dehydrogenase in 
the alveolar macrophage of rats exposed to NAC, chrysotile and 
their combination. Values are mean ±SE (n = 6), ^p<0.05 
(compared to control and NAC groups), p < 0.05 (compared to 
chrysotile). 
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the clearance of foreign particles or fibers such as asbestos from the lung. These cells 
phagocytize or attempt to phagocytize asbestos fibers, get frustrated and release 
cytokines and inflammatory reactions. The present results showed an increased AM 
population which is a defensive mechanism in mineral fibers induced lung damage 
reported by several researchers (Bittermen et al, 1984; Arif e^  al, 1997). An increase 
in protein content in the cellular fraction may be due to leakage of AM internal 
constituent during the phagocytosis process. Phagocytosis or attempted phagocytosis 
of mineral fibers activate the respiratory burst mechanism, leading to the increased 
H2O2 production. This increased H2O2 production by mineral fibers lead to 
enhanced tissue inflammatory reactions which could subsequently cause more 
damage to the lung tissue. This lung damage may be due to cascade of reactions as 
shown in previous chapters such as initiation of LPO, disbalance in antioxidant 
enzyme system and depletion in GSH content. GSH the soluble antioxidant plays an 
important role in the protection of lung against oxidative stress (Cantin et al, 1991). 
Its precursor NAC seems to protect the system against ROS by several ways (i) they 
scavenge ROS, (ii) they are rapidly deacetylated and thus supply cysteine for cellular 
GSH synthesis and (iii) they also have mucolytic activity (Gillissen et al, 1997). In the 
present study a significant protection was observed by NAC in the production of H2O2 
by chrysotile. As reported H2O2 on interaction with metal ions such as Fe which is 
present in chrysotile generate more potent ROS, like hydroxyl radical,OH which 
attack and inactivate many biomolecules and can induce pulmonary damage 
(Weitzman and Weitberg, 1985; Kamp et al, 1992; Quinlan et al, 1994). This OH 
radical can also cause damage to the polyunsaturated fatty acid of the plasma 
membrane and initiate LPO as shown by marked increase in TEARS production in 
cellular and acellular fractions of chrysotile exposed rats. Peroxidation of 
polyunsaturated fatty acids results in the formation of toxic aldehydes that have been 
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implicated as causative agents in numerous pathological conditions caused by 
exposure to various toxicants (Halliweli and Gutteridge, 1984). The administration of 
NAC in the present study decreases the induction of H2O2 and LPO, which in turn 
may protect the system against the toxic manifestation of OH radical and H2O2 
causing membrane damage and other cascade of reactions inducing oxidative stress. 
Aruoma et al (1989) have also reported the scavenging of OH radical by NAC. 
Further the present results showed a significant decrease in GSH content in 
cellular and acellular fraction in chrysotile exposed group. But a significant recovery 
was noticed by the administration of NAC in the chrysotile exposed group. This 
recovery in GSH content may be due to free sulfhydryl group which NAC contains or 
may be due to its role as a precursor for cysteine which is used in GSH biosynthesis. 
Further the restoration of GSH by NAC may protect the system against mineral fibers 
induced oxidative stress. Suter et al (1994) reported that NAC enhances the recovery 
of patients suffering from mild to acute lung injury due to respiratory distress 
syndrome. NAC when given to patients suffering from respiratory distress syndrome, 
maintained red blood cells (RBC) GSH level (Cantin et al, 1988). Mayer et al (1995) 
have showed that intravenous administration of NAC augments lung glutathione in 
the patients with pulmonary fibrosis. It has also been shown that oral administration 
of NAC in patients of lung tumor and idiopathic pulmonary fibrosis leads to an 
increase in GSH levels in venous plasma and bronchoalveolar lavage fluid (BALF) 
and suppression of disease (Bridgenran et al, 1991). NAC work as an efficient antidote 
in acetaminophen poisoning (Van Zandwijk, 1995b). 
As discussed earlier an alteration in the activities of antioxidant enzyme system 
namely GPx, GR and G6PD was also observed in chrysotile exposed rat AM. A 
significant decrease in GPx activity was observed in chrysotile exposed rats. The 
increased accumulation of H2O2 in conjunction with the decreased activity of GPx 
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may lead to acellular prooxidant state. Coexposure of chrysotile and NAC caused a 
significant recovery in GPx enzyme activity and that may be due to the scavenging 
effect of NAC against H2O2 (Aruoma et al, 1989). In the case of GR at initial stages 
chrysotile inhibits the activity but latter the enzymatic profiles were gradually 
enhanced. Unlike GR, increased activities of G6PD was observed throughout the 
exposure. Whereas in the chrysotile along with NAC treated groups a maintenance 
of these enzyme activities to its normal level was observed. 
The present preliminary results shows a significant attenuating effect of NAC 
against the pulmonary oxidative disbalance imposed by chrysotile asbestos. Further 
detailed studies are suggested by using NAC as well as Nacystelyn (NAL) in asbestos 
exposed animals both at cellular as well as at tissue level, to monitor the toxicity at 
prolifertitive stngc ns well as at fibrotlc singe. 
CHAPTER'7 
Prolonged toxicity in experimental animals exposed to chrysotile, 
crocidolite and mineral particle idtrqfine titmnum dioxide 
Introduction 
Results 
Discussion 
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Introduction 
Mineral fibers are solid phase carcinogens that occur in nature as hydrated 
silicates and have a fibrous morphology. Their exposure has been associated with the 
development of asbestosis, mesothelioma of the pleura and peritonium and 
bronchogenic carcinoma of the lung (Mossman et al, 1990; Rom et al, 1991). Inspite 
of enormous work in this direction the exact molecular mechanism by which fiber 
cause pathological disorders has not yet been revealed. Studies in the previous 
chapters and also in the past from this laboratory and others have shown that reactive 
oxygen species (ROS) play an essential role in the development of fiber induced lung 
diseases (Cantin and Crystal, 1985; Halliwell and Cross, 1994; Aiiiet al, 1993,1997). 
Further earlier reports from our group have confirmed that the continuous 
derangement in the pulmonary drug metabolizing enzyme systems by mineral fibers 
effects the metabolism and clearance of the particles from the lung (Rahman et al, 
1990; Arif e^  al, 1994). Alveolar macrophage (AM) produce and secrete growth factor 
that stimulate ceil division of interstitial lung fibroblasts a process that may explain 
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mineral fibers-stimulated elevations in collagen productiun associated with the 
fibrotic process (Lemaire e/a/, 1983). Ultrafine titanium dioxide induced-pulmonary 
damage and lung tumour may be due to its penetration in the interstitium space of 
the lung (Ferrin et al, 1991; Oberdorster et al, 1992). In the previous studies or in 
chapter-3 of this dissertation we have shown that UF-Ti02 particle is cytotoxic to AM 
and induces oxidative stress after a preliminary intratracheal exposure of 1-16 days in 
experimental rats (Afaq et al, 1998), Further, one month after intratracheal exposure 
of UF-Ti02 in chapter-4 of this dissertation, the particle induce inflammatory 
reactions and reactions of oxidative tone in the AM and RBC of experimental animals, 
but in comparison to mineral fibers viz. crocidolite and chrysotile the magnitude of 
these changes were far less. The same pattern was also observed by histopathological 
, studies with these fibers/particles. On the basis of these experiments UF-Ti02 was 
found less toxic than crocidolite and chrysotile. 
The present study was therefore, undertaken to investigate the toxic potential 
of UF-Ti02 seven months after exposure. The oxidative stress assessed by measuring 
antioxidants level, production of lipid peroxidation (LPO) and the activities of various 
primary and secondary antioxidant enzymes known to regulate the cellular oxidative 
tone. In addition pulmonary drug metabolizing enzymes which are known to be 
involved in the clearance mechanism of the lung were also taken. The biochemical 
indicators of fibrosis i.e. hydroxyproline and mucopolysaccharides were estimated 
along with histopathological studies. For comparison simultaneously crocidolite and 
chrysotile exposed animals were also taken to evaluate the magnitude of the toxicity. 
Results 
Fig. 1 shows the effect of crocidolite, chrysotile and UF-Ti02 on lung weight of 
the exposed animals. The increase in lung weight was maximum with crocidolite 
followed by chrysotile and UF-Ti02. 
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Fig. 1: Increase in the lung weight of rats seven months after exposure. 
Values are mean ± SE (n = 6). "p < 0.001 (compared to control). 
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Fig. 2 shows an increase in the level of hexosamines, sialic acid and collagen 
content in the lung of exposed animals as compared to their respective controls. A 
signiHcant increase in the content of hexosamines and sialic acid was observed with 
crocidolite followed by chrysotile and UF-Ti02. Whereas increase in the content of 
collagen was maximum in case of chrysotile followed by crocidolite and UF-Ti02. 
Histopathology of rats lung seven months after crocidolite, chrysotile and 
UF-Ti02 exposure is shown in (Figs. 3-5). In the lung of crocidolite exposed animals,. 
the septal walls show extensive thickening and increase in fibroblast. Marked fibrosis 
in some areas can also be observed (Fig. 3). The lung of chrysotile exposed animals 
show marked thickness of the septal wall, mild fibrotic reaction and collagen laying 
down can also be seen (Fig. 4). Rat lung of UF-Ti02 exposed animals show markedly 
thickened septal wall with diffuse as well as focal collection of inflammatory cells. 
Alveolar spaces appear to be filled with inflammatory excudate and focal granuloma 
like collection in alveolar spaces with mild fibrosis can be observed in Fig. 5. 
A significant increase in the thiobarbituric acid reactive substance (TEARS) in 
lung microsomes of exposed animals was observed as shown in Table 1. The increase 
in TEARS was 95%, 81% and 29% in crocidolite, chrysotile and UF-Ti02 respectively. 
NADPH induced enzymatic and Fe -induced non-enzymatic lipid peroxidation also 
followed the same pattern. 
The effect of crocidolite, chrysotile and UF-Ti02 on soluble antioxidant levels 
in lung cytosolic fraction of exposed animal is given in Table 2. A significant decrease 
in the level of GSH was observed with crocidolite and chrysotile 42% and 44% 
respectively. The depletion with UF-Ti02 was 23%. Ascorbic acid level was depleted 
significantly in case of crocidolite and chrysotile by 25% and 16% whereas a 
non-significant decrease was observed in case of UF-Ti02. 
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Fig. 2: Increase in the levels of hexosamine, sialic acid and collagen in the 
lung of rats seven months after exposure. Values are calculated as 
percent of control levels. The respective control values [mean 
±SE (n = 6)] were: hexosamine, 1.16 ±0.06 mg/gm fresh lung 
weight; sialic acid, 0.76± 0.04 mg/gm fresh lung weight; collagen, 
7.23 ± 0.24 mg/gm dry lung weight. *p < 0.001; ''p < 0.01 (compared 
to control). 
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Fig. 3: Photomicrographs of sections of rat lung seven months after 
crocidolite exposure, (a) The septal walls show extensive thickening 
of the connective tissue as well as cells (*) and increase in fibroblasts 
can also be seen (-•). (b) Marked fibrosis and appreciable 
thickening of the septal walls (=>) throughout can be observed, a & 
b X 350. 
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Fig. 4: Photomicrographs of sections of rat lung seven months after 
chrysotile exposure, (a) Marked thickness of the septal wail as well 
as increase in fibroconnective tissue (-•) and collagen laying down 
(c). (b) Mild fibrotic reaction (F) and some thickening of the 
alveolar septal wall (SW) can be seen, a & b x 350. 
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Fig. 5: High power photomicrographs of sections of rat lung seven month 
after UF-Ti02 exposure, (a) Septal wall are markedly thickened 
with diffuse (-») as well as focal collection (=*•) of inflammatory ceWs. 
(b) Alveolar spaces appear to be filled with inflammatory excudate 
(I). There is mild fibrosis (F) and focal granuloma like collection in 
alveolar spaces (=*). a & b x 1400. 
Mineral fiber/particle & prolonged toxicity 130 
Table 1 
Changes in the lipid peroxidation profile in the lung microsomes of rats 
seven months after exposure. The final concentration of NADPH and 
Fe "^ were 0.4 mM and 2.5 mM respectively. 
Control 
Crocidolite 
Chrysotile 
UF-Ti02 
Lipid-peroxidation* 
Microsomes 
2.17±0.19 
4.24±0.22^ 
3.94±0.09* 
2.81 ±0.18'' 
+NADPH 
3.75±0.24 
7.58±0.67« 
6.45±0.30^ 
4.95±0.16^ 
+ FeS04 
6.66±0.34 
14.69± 1.49^  
12.72± 1.55^  
8.10±0.38'^  
*n mol MDAproduced/hr/mg protein. Values represent mean ± SE (n = 6). Significant 
compared to respective control, ^p < 0.001; *^p < 0.02; p < 0.05. 
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1^ble2 
Changes in the glutathione and ascorbic acid content in the cytosolic 
fractions of the rats lung seven months after the exposure. 
Control 
Crocidolite 
Chrysotile 
UF-Ti02 
Glutathione 
85.79± 1.58 
49.87±0.79^ 
48.40± 1.10^  
66.10±2.02^ 
Ascorbic-acid 
37.94±0.72 
28.41 ±0.65^ 
31.80±0.51* 
36.47±0.32 
n moJ/mg protein; n mol/mg protein. Values represent mean ±S.E. (n = 6). 
Significant compared to control *p < 0.001 
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Alteration in primary and secondary antioxidant enzymes in lung cytosol of 
exposed animal were observed as shown in lUble 3. A significant increase in llic 
activities of GPx, GR and G6PD was observed compared to their respective controls. 
The increase in the activities of GFx, GR and G6PD was found maximum in case of 
crocidolite followed by chrysotile and UF-Ti02. 
An alteration in the pulmonary drug metabolizing enzymes in lung microsomes 
and cytosolic fractions in exposed animals was observed as compared to their 
respective controls (Thble 4). A significant increase in the activities of epoxide 
hydrolase (EH), Benzo(a)pyrene hydroxylase, and cytochrome P-450 were observed 
with asbestos and comparatively less with UF-Ti02. Whereas a significant decrease 
in the activities of GST was observed only in case of asbestos. 
The effect of oxidative burden due to fibers/particles was also reflected in the 
blood of the exposed animals. Fig. 6 shows a significant increase in TEARS in the 
RBC of exposed animals maximum with crocidolite (61%) followed by chrysotile 
(48%), and with UF-Ti02 (22%). NADPH induced lipid peroxidation was also 
maximum with crocidolite (80%) followed by chrysotile (60%) and UF-Ti02 (16%). 
Fig. 7 exhibits a decrease in the antioxidant levels in RBC of exposed animal. 
GSH and ascorbic acid content showed a general tendency towards decline in RBC. 
The decline was maximum in case of crocidolite followed by chrysotile and UF-Ti02. 
An alterations in the activities of GPx and GR were observed in RBC of exposed 
animals compared to their respective control values (Fig. 8). The decrease in the 
activities of GPx was maximum with crocidolite (30%) followed by chrysotile (26%) 
and UF-Ti02 (10%), whereas the decrease in the activities of GR was 33%, 18% and 
13% with crocidolite, chrysotile and UF-Ti02 respectively. 
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Table 3 
Changes in the activities of glutathione reductase, glutathione peroxidase 
and glucose 6-phospate dehydrogenase in cytosolic fraction of rats lung 
seven months after exposure. 
Control 
Crocidolite 
Chrysotile 
UF-Ti02 
Glutathione 
reductase 
37.98± 1.62 
56.28±2.17* 
56.66±2.12* 
48.84± 1.44^  
Glutathione 
peroxidase* 
173.35±6.67 
279.41±8.67« 
256.64±8.48^ 
218.37±5.43^ 
Glucose-6-
phosphate 
dehydrogenase 
21.35± 1.05 
13.85 ±0.32^ 
12.82±0.28^ 
16.35±0.52'' 
n mol NADPH oxidized/min/mg protein, n mol NADPH formed/min/mg protein 
Values are mean ± SE (n = 6). Significant compared to respective control, ^p < 0.001; 
V<0.01 
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Table 4 
Changes in the content of cytochrome P-450 and in the activities of 
epoxide hydrolase, benzo (a) pyrene hydoxylase and glutathione 
S-transferase of rats seven months after exposure. 
Cytochrome P-450 
(n mol/mg/protein) 
Epoxide hydrolase 
(fluorescence 
units/hr/mg protein) 
Benzo (a) pyrene 
hydroxylase 
(fluorescence 
units/min/mg protein) 
Glutathione 
S-transferase 
(n mol CDNB 
conjugate 
formed/min/mg 
protein) 
Control 
0.23±0.02« 
0.96±0.08* 
0.22±0.02 
132±6.34 
Crocidolite 
0.86±0.05« 
2.84±0.17^ 
0.95 ±0.08^ 
112±4.34'' 
Chrysotile 
0.77±0.06^ 
3.00±0.25« 
0.83±0.05* 
108±5.21^ 
UF-Ti02 
0.38±0.()2 
1.41±0.13'^  
0.36±O.()3'' 
127± 6 07 
Values represent mean ±SE (n = 6). Significant compared to respective control, 
*p < 0.001; ''p < 0.01; '^p < 0.02; ^ p < 0.05 
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Fig. 6: Changes in the lipid peroxidation (LPO) profile in the red blood 
cells of rats seven months after exposure. The final concentration 
of NADPH was 0.4 mM. Values are calculated as percent of control 
levels. The respective control values [mean ±SE (n = 6)] were: 
LPO, 0.247±0.03 n mol MDA formed/mg protein/hr; 
NADPH-dependent LPO, 0.588±0.09 n mol MDA formed/mg 
protein/hr. *p < 0.001; '^ p < 0.01 (compared to control). 
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Fig. 7: Changes in glutathione (GSH) and ascorbic acid content in the red 
blood cells of rats seven months after exposure. Values are 
calculated as percent of control levels. The respective control 
values [mean ±SE (n = 6)] were: GSH, 328 ±7.19 ftg/ml RBC; 
ascorbic acid, 29.27± 1.36 fig/ml RBC. *p<0.001; '^p<0.02; 
p < 0.05 (compared to control). 
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Fig. 8: Changes in the activities glutathione peroxidase (GPx) and 
glutathione reductase (GR) in the red blood cells of rats seven 
months after exposure. Values are calculated as percent of control 
levels. The respective control values [mean ±SE (n = 6)] were: 
GPx, 174.93 ±6.30nmol NADPH oxidized/min/mg protein; GR, 
30.00 ±1.30 n mol NADPH oxidized/min/mg protein. V < 0.001; 
"^ p < 0.02 (compared to control). 
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Fig. 9 shows alterations in the activities of G6PD and catalase. A significant 
increase in the activities of G6PD also observed the same pattern maximum with 
crocidolite (19%) followed by chrysotile (15%) and with UF-Ti02 (8%). The decrease 
in the activities of catalase was by 54%, 50% and 33% in case of crocidolite, chrysotile 
and UF-Ti02 respectively. 
Discussion 
An increase in the fresh lung weight of exposed animals in comparison to control 
indicates fibrotic changes in the lung. The increase in collagen content clearly shows 
that fibrosis has set in. The maximum increase was reported with chrysotile which is 
in agreement with the previous studies. The increase in hexosamine content shows an 
accumulation of mucopolysaccharide which is highest with crocidolite followed by 
chrysotile and lowest with UF-Ti02. The increase in sialic acid content maintaining 
the same order indicate the involvement of membranous structure. The concurrent 
increase in the contents of sialic acid and hexosamine in crocidolite and chrysotile 
exposed animals may lead to the accumulation of these mucopolysaccharides which 
indicate that pulmonary fibrosis has taken place. In the case of UF-Ti02 particles these 
changes were of lesser magnitude in comparison to crocidolite and chrysotile. The 
histopathological markers mucopolysaccharides and collagen along with 
histopathology of lung of UF-Ti02 exposed animals show mild fibrosis in comparison 
to chrysotile and crocidolite fibers. May be the pattern is different which needs further 
in detailed studies. 
The significant increase in lipid peroxidation both NADPH-induced and Fe" "*" 
-induced by crocidolite and chrysotile is in agreement that ROS and oxidative stress 
are involved in the process of fibrosis (Lemaire et al, 1983; Adamson and Bowden, 
1987;Petruskac/a/, 1991). 
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Fig. 9: Changes in the activities glucose 6-phosphate dehydrogenase 
(G6PD) and catalase in the red blood cells of rats seven months 
after exposure. Values are calculated as percent of control levels. 
The respective control values [mean ±SE (n = 6)] were: G6PD, 
71.29±2.42 n mol NADPH formed/min/mg protein; catalase, 
21.47± 1.29 n mol H2O2 decomposed/min/mg protein. V < 0.001; 
''p<(U)l; ''p<(M)5 (compared to control). 
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A significant depletion in soluble antioxidants was also observed at this stage in 
the pulmonary cytosolic fraction of crocidolite and clirysotile exposed rats. In the rase 
of UF-TiOz a decrease only in GSH content was observed but in comparison to other 
two dusts this decrease was of lesser extent. The significant decrease in GSH and 
ascorbic acid in the lung of experimental animals showed that the defensive shield of 
these soluble antioxidants against the toxic manifestation of crocidolite and chrysotile 
deteriorating and the oxidative burden of the lung may increase (Khan et al, 1990: 
Cantin and Begin, 1991). Further an endogenous antioxidant enzyme system which 
protect the lung from oxidant is also deteriorating (Heffner and Repine, 1989; Ouinlan 
et al, 1994). The present study showed an increase in the activities of GSH dependent 
enzymes. The observed increase in the activities of GPx, GR and G6PD may be a 
defensive and adaptive response according to the extent of burden by mineral 
fibers/particles. Results obtained from the present study indicate that the oxidative 
stress in the exposed lung was also reflected in the blood of the experimental animals, 
according to the magnitude of toxicity with different fibers/particles. The induction in 
TEARS in blood RBC also followed the same pattern as was in the lung i.e. maximum 
with crocidolite followed by chrysotile and UF-TiOz. Further a significant depletion 
in GSH was observed in the blood of crocidolite and chrysotile exposed animals. 
Cantinef a/ (1990) have correlated the depletion of GSH in RBC with increased lung 
fibroblast proliferation. An alteration in the primary and secondary antioxidant 
enzymes in RBC was also observed. These alteration in antioxidant enzymes in RBC 
reflected the exaggerated production of ROS in the lung. Consequently, altered levels 
of RBC antioxidant enzymes are supposed to reflect the significance of radical 
mechanism of fibers/particles in exposed animals (Asbesck et al, 1984; White et al, 
1986; Engelen et al, 1990). A significant alteration in the pulmonary drug 
metabolizing system was also observed by crocidolite and chrysotile only. Exposure 
to UF-TiOz did not induce any significant alteration in this system. As reported earlier 
the increase in the cytochrome P-450 content and associated monooxygenase activity 
Mineral fiber/particle & prolonged toxicity 141 
by mineral fibres may be due to stimulation of transcription regulatory element of 
cytochrome P-450 gene by fibers-mediated release of heme during the early stages of 
exposure (Rahman et al, 1990; Arif ef a/, 1994). Further increase in the activity of EH 
and decrease in the activity of GST by asbestos fiber indicate the exposed lung is more 
vulnerable to other carcinogens if happens to come across (Minchin and Boyd, 1983; 
Cohen, 1990; Aiiietal, 1994). 
It may be concluded from the present comparative study that in comparison to 
mineral fibers, UF-TiOz particle is less fibrogenic, induce less oxidative stress and 
alter the xenobiotic metabolising enzyme system of the lung to a lesser extent. It may 
be possible that the mechanism of toxicity of UF-Ti02 particle is different from 
asbestos and its toxicity may be due to over burden of AM and thereby decrease in 
the clearance mechanism which needs further in vivo and in vitro studies using 
different doses and routes of exposure. 
SUMMARY 
and 
CONCLUSIONS 
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Mineral fibers/particles induced lung damages are among the most widespread 
and prevalent occupational lung diseases in the world. Most likely as a consequence 
of the specific toxicokinetic properties of mineral fibers/particles such as, durability, 
specific fiber dimensions, chemical composition, surface properties and charge, 
disease may even progress after exposure has ended. Despite the world-wide diversity 
of mineral-rich areas and in the structure, physicochemical properties and related 
application of these minerals, they all share the probibility to become airborne and 
eventually be inhaled. 
Deposition of inhaled mineral fibers/particles in the lung is primarily dependent 
on size, shape and particle density, as well as on individual lung morphology and 
physiology. Generally, large particles (> lO/^m) will be filtered out of the inhaled 
airstream by the aerodynamic filters of the respiratory treat, whereas smaller particles 
are deposited in the tracheobronchial tree or alveoli. In the upper airways, dust 
particles are cleared by the mechanism of sneeze and cough, or by the mucocilliar 
escalotor and uUtimately be swallowed. In the alveolar region, the majority of the 
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particles are ingested by phagocytotic cells such as alveolar macrophages (AM). If 
the length of the particle is too large, "frustrated phagocytosis" may occur 
characterized by an incomplete phagocytosis. This has been shown to result in an 
activation of the AM and during its activation a wide range of products including 
reactive oxygen species (ROS), cytokines, growth factors etc. are released. A state of 
"particle overload" may occur if more particles enter the lung than are cleared from 
it due to impairment of AM clearance. Ultrafine particles are considered to cross the 
epithelial barrier into the interstitium more readily and noteworthy, a relative low 
weight-dose of ultrafine particles may comprise a tremendous numerical dose. 
Occupational exposure to mineral fibers can cause pulmonary fibrosis (known 
as asbestosis), benign pleural changes, lung cancer and malignent mesothelioma. 
Inspite of extensive research in this direction, the mechanism(s) by which mineral 
fibers cause these diseases is/are not fully understood. However, several studies have 
suggested that ROS play an essential mediating role in the pathogenesis of these 
diseases. Mineral fibers can induce ROS formation by atleast two different processes, 
in which (i) mineral fibers may augment ROS release by inflammatory cells and 
(ii) ferrous iron in fibers in the presence of hydrogen peroxide (H2O2) generates 
hydroxyl radicals (OH) via the Fenton reaction. 
The protection of cells against damage by ROS is accomplished through both 
enzymatic and non-enzymatic means. Glutathione (GSH), a tripcptide aiul the most 
prevalent nonprotein intracellular thiol present in high concentrations in almost all 
living cells, protects the cells against oxidative damage. GSH redox system enzymes 
provide a formidable protective shield against oxidative damage. GSH detoxify a 
variety of electrophilic exogenous toxicants and their reactive intermediates formed 
intracellularly either spontaneously or enzymatically. 
Summary and concfmions 144 
In the studies presented in this dissertation an attempt has been made to 
evaluate the cytotoxic, fibrogenic and carcinogenic potential of mineral 
fibers/particles in AM (phagocytotic cells), red blood cells (RBC) and lufig tissue of 
exposed rats. The study was divided into five parts and is described in brief under the 
following heading. 
1. Cytotoxicity, prooxidant efTects and antioxidant depletion in rat lung alveolar 
macrophages exposed to ultraflne titanium dioxide 
In order to understand the pulmonary toxicity of mineral particle ultrafine 
titanium dioxide (UF-Ti02) various biochemical and chemical parameters were 
assayed. Single intratracheal exposure of UF-Ti02 (2mg/rat) after 1,4,8 and 16 days 
caused a significant increase in AM population. The maximum increase in the number 
of AM population was recorded on day 8th of exposure which occurred due to 
recruitment of AM as a major defensive cell for the purpose of clearance of particles 
from the lung. A significant increase in the activities of acid phosphatase (AP) and 
lactate dehydrogenase (LDH) was observed in cell free lavage fluid throughout the 
period of exposure. The maximum increase in their activities was observed on day 8th 
of exposure. Increased activities of these enzymes could be correlated with the degree 
of cytotoxic capibility of UF-TiOi. 
A significant generation of hydrogen peroxide (H2O2) in AM was observed on 
day 8th and 16th of exposure. The overloading of UF-Ti02 may activate a respiratory 
burst mechanism, leading to an increased production of H2O2. A significant and 
progressive increase in lipid peroxidation (LPO) was observed at different time 
intervals. The addition of NADPH and iron greatly enhanced the production of LPO 
in the exposed AM. The release of ROS could oxidize polyunsaturated fatty acid 
located in the plasma membrane resulting in the formation of breakdown product 
thiobarbituric acid reactive substances (TBARS) of LPO. 
Summary and conclusions 145 
A significant increase in the activities of glutathione redox enzymes in AM was 
observed. The maximum increase in the activities of glutathione peroxidase (GPx), 
glucose 6-phosphate dehydrogenase (GOPD) and glutatiiioiie reductase (CiR) was 
50%, 55%, 40% respectively on day 8th. Whereas increase in the activity of 
glutathione S-transferase (GST) was maximum on day 16th (66%). The increased 
activities of these enzymes showed an adaptive response against oxidative stress. 
While a significant and progressive depletion in the level of GSII was observed, 
the maximum decrease in GSH content was on day 16 in UF-Ti02 exposed rats. A 
decrease in ascorbic acid was also observed with maximum on day 16. GSH and 
ascorbic acid are important soluble antioxidants of mammalian lung defense and the 
decrease in the level further indicates oxidative stress. 
In conclusion the results indicate that these alteration in cellular enzymatic and 
non-enzymatic balance could not dimnish the enhanced LPO and the increased rate 
of H2O2 generation, suggesting that UF-Ti02 exposure may have posed increased 
toxicity and oxidative stress in AM which may eventually, have led to pulmonary 
pathological changes. 
2. Activation of alveolar macrophages and peripheral red blood cells in response 
to toxic flber/particle 
The cytotoxic and oxidative responses of these fibers/particles were measured 
by a single intratracheal exposure at one time point when inflammatory and fibrotic 
reactions are in progress. Alveolar macrophages (AM) and red blood cells (RBC) 
were choosen to study the toxic potential of two types of mineral fibers viz. crocidolite 
and chrysotile and a mineral particle UF- Ti02. An increase in the number of AM 
population, followed by an increase in the activities of AP and LDH was noticed. The 
maximum increase was with crocidolite followed by chrysotile and minimum with 
UF-Ti02. The increase in AM population indicated defensive mechanism and an 
Summary and conclusions 146 
increase activities in AP and LDH, indicate damage to AM membrane. An increase 
in protein content in cell free lung lavage fluid may be due to leakage of internal 
constituents from tlie injured AM, 
A significant increase in LPO in AM and RBC was observed. An increase in 
H2O2 generation in AM was also noticed. These indicate oxidative stress due to 
excessive production of ROS. 
Alterations in the activities of antioxidant enzymes were observed both in AM 
and RBC of exposed animals. A significant inhibition in the activities of GPx and GR 
in AM was observed with crocidolite and chrysotile which was non-significant in case 
of UF-Ti02. The activities of GPx and catalase were also inhibited in RBC with these 
mineral fibers/particles. In the present studies the significant inflammatory responses 
seen in the RBC reflected the sme order of severity as those seen in AM and cell free 
lung lavage fluid : crocidolite > chrysotile > UF- Ti02. 
A depletion in soluble antioxidants namely GSH and ascorbic was also noticed 
in both AM and RBC. The depletion in their levels followed the similar pattern. Both 
GSH and ascorbic acid function directly in the destruction of ROS and their lower 
level indicates oxidative stress. The decreased level of GSH in RBC may be due to 
excessive release of ROS by AM in lung tissue which consumes GSH directly or 
indirectly via I,PO. One month after exposure to mineral fibcMs the firs! cellular 
response is the accumulation of inflammatory cells at site of fiber deposition. Further 
an inflammatory cell reaction, accumulation of myofibroblasts and increased volume 
of interstial matrix was also observed. In the case of UF-Ti02 the inflammatory 
response as observed by histopathological changes appears to be mild. 
The most significant finding of the present study is the toxic response of 
fibers/particles in the order of crocidolite > chrysotile > UF-Ti02 in both the systems. 
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Crocidolite the most toxic and known carcinogenic fiber induces niaxiniuni toxicity 
and oxidative stress followed by chrysotile although the differences were not 
significant. On the other hand in comparison to both the mineral fibers, UF-Ti02 
induces far less toxicity and oxidative stress. 
3. Chrysotile fiber-mediated imbalance in (he glutathione redox system in the 
development of pulmonary injury 
Rats were exposed to a mineral fiber namely chrysotile by a single intratracheal 
instillation (5 mg/rat). After 1, 4, 8, 16, 30, 90 and 150 days of exposure rats were 
assessed biochemicaly to ascertain the status of oxidative stress. At the initial stages 
of exposure when cytotoxic and AM defensive reactions have taken place, a gradual 
and progressive depletion in GSH level of AM was observed. This decrease in the 
GSH content is an early event in inflammatory response. A slight decrease in blood 
GSH was also observed. The depletion of GSH in lung cytosol started from day 16 
and reaches maximum on day 150. The depletion in the GSH content may be one of 
the causative factor for the development of mineral fiber-induced pulmonary injury 
and cell proliferation. A depletion in ascorbic acid a soluble antioxidant was also 
observed throughout the period of exposure in lung cytosolic fractions. 
A significant increase in the activities of GPx, GR and G6l'D in the cytosolic 
fraction of the lung after chrysotile exposure was observed. The niaxiniuin induction 
in GPx was observed at day 90 (133%) and day 150 (129%). GR activity was 
significantly induced at all time intervals with a maximum on day 4 (103%). A gradual 
and progressive increase in the activity of G6FD was observed which reached 
maximum on day 150. The increased activity of GPx may be due to fast removal of 
ROS. Induction in the activities of GR and G6PD appear to be a defensive metabolic 
adaptation to mammalian GSH pool during initiation and progression of asbestosis. 
A decrease in the activity of GST may further deteriorate the situation. 
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An increase in LPO was observed, which was significant and persisted 
throughout the period of exposure. This increase in LPO indicates oxidative stress 
imposed by ciirysotile fibers. 
Thus it may be concluded from the present study that the decrease in cellular 
GSH may serve as an early indicator of lung diseases, whereas increased LPO and 
enzymatic changes may give an insight into the proliferative and asbestotic stage of 
diseased animals. 
4. N-acetylcysteine attenuates oxidant-mediated toxicity induced by chrysotile 
fibers 
Induction of oxidative stress by asbestos is one of the major cause of its 
pathogenicity as reported by several authors and also in the present study. Further, 
a significant and progressive increase in H2O2 generation and TBARS was also 
observed. This indicate oxidative stress imposed by these fiber. Depletion in the level 
of GSH and alteration in the activities of antioxidant enzymes i.e., GPx, GR and G6PD 
regulating oxidative tone indicate oxidative stress. 
A study was, therefore, initiated by supplementing N- acetylcysteine (NAC) a 
precursor of GSH to see its effect on asbestos induced oxidative stress. Tlie animals 
exposed to chrysotile received 50mg NAC/Kg body weight by ip route daily and were 
sacrificed after 1,4,8 and 16 days. It was observed that administration of NAC in 
chrysotile exposed animals caused a significant decrease in H2O7 generation on day 
8th (22%) and day Kith (26%) and decreased in the production of IHAKS in cellular 
fraction on day 8th (24%) and 16th (31%) and in acellular fraction on day 16th (27%) 
in comparison to chrysotile exposed animals. A significant recovery in GSH content 
was observed after administration of NAC in both the system at a latter stage. After 
administration of NAC to chrysotile exposed animals the activity of GSH redox 
enzymes showed a trends towards attaining normal basal activity. In this preliminary 
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study NAC may be protecting the cells against oxidative damage induced by chrysotile 
fibers. This protection may be due to its ability to maintain intracellular GSH 
level/oxidant scavenging capibility. Further detailed studies in this direction are 
needed. 
5. Prolonged toxicity in experimental animals exposed to crocidolite and 
chrysotile and mineral particle ultrafine titanium dioxide 
After seven months of a single intratracheal instillation with mineral fibers viz. 
crocidolite and chrysotile and mineral particle UF-Ti02 to rats, an increased lung 
weight indicating fibrosis was observed. The level of collagen, sialic acid and 
hexosamine content was found to increase maximum with crocidolite followed by 
chrysotile and minimum with UF-Ti02. The accumulation of collagen indicates that 
the fibrosis has set in which may eventually harm the functional activities of the lung. 
Both sialic acid and hexosamine a muccopolysaccride were also increased which also 
support the development of pulmonary fibrosis. A significant increase in TBARS was 
observed in lung microsomes and red blood cells of exposed animals. The 
enhancement of LPO indicated increased oxidative stress. 
A decrease in the level of soluble antioxidants namely GSH and ascorbic acid 
with mineral fibers/particles in lung cytosol and RBC was observed. The decrease 
was more pronounced in lung cytosol with maximum with crocidolite followed by 
chrysotile and minimum with UF-Ti02. The decrease in the level of ascorbic acid 
followed the similar pattern. Thus, the significant depletion in the levels of these 
antioxidant in the fibrotic lungs suggest that the mineral fibers/particles-induced 
oxidative stress, damage the antioxidant defense of the lung and the lung fails to 
protect itself against the development of fibrosis. 
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An alteration in primary and secondary antioxidant enzymes in the lung cytosol 
and RBC of exposed animals was observed. A significant increase in the activities of 
GPx, GR and G6PD was observed In the lung cytosol compared to their res|)ecllve 
control. The observed increase in the activities of GPx, GR and G6PD may be 
defensive and an adaptive response due to burden by mineral fibers/particles. An 
increase in the activity of G6PD and decrease activity of catalase was noticed in RBC. 
The pattern of increase/decrease was maximum with crocidolite followed by chrysotile 
and UF-Ti02. These alteration in antioxidant enzymes in RBC reflected the 
exaggerated production of ROS in the lung. 
An alteration in pulmonary drug metabolizing enzymes in lung microsomes and 
cytosolic fractions of exposed animals was also observed as compared to control. A 
significant increase in the activities of epoxide hydrolase (EH), Benzo(a) pyrene 
hydroxylase and cytochrome P-450 content were observed with mineral fibers and 
comparatively less with UF-Ti02 particle. The induction of EH, benzo (a) pyrene 
hydroxylase and cytochrome P-450 may further aggravate the situation. This may 
produce more reactive metabolites in the target tissue and, therefore, increase the 
possibility of higher adduct formation with the biological macromolecules, while a 
significant decrease in the activity of GST was observed only with crocidolite and 
chrysotile. The decrease in the activity of GST may in turn result in the retention of 
various lipophilic carcinogens in the lung which may additionally be involved in the 
carcinogenic response induced by mineral fibers/particles. 
It may be concluded from the present study that in comparison to mineral 
fibers namely crocidolite and chrysotile, UF-TiOz particles are less fibrogenic, induce 
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less oxidative stress and alter the xenobiotic metabolizing enzyme system of the lung 
to a lesser extent. 
Conclusions 
These studies suggest that the mineral fibers/particles, produce oxidative tone 
resulting in enhanced oxidative stress in the system. The result further indicate that 
GSH depletion and alterations in GSH redox enzyme system plays a crucial role in 
the toxicity of mineral fibers. Nutritional supplementation of N-acetylcysteine a 
precursors of GSH may help exposed population against toxic manifestation of 
mineral fibers. 
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